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Abstract

Development of cost-effective and durable catalysts for sluggish oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) is imperative to promote critical
energy conversion and storage technologies such as fuel cells and metal-air batteries.
Low-cost non-precious metal (NPM) and metal-free (MF) catalysts are promising
choices to replace commercial noble metal counterparts. However, there exist crucial
challenges in developing such catalysts with comparable or superior performance to the

noble metals, while ensuring effective cost reduction. Hence, the primary goal of this

thesis is to design and develop low-cost graphene-based ORR / OER electrocatalysts in

alkaline media, either in the form of MF catalysts or as a support / co-catalyst to NPMs.

Three types of graphene-based systems were designed and evaluated.

® The first system involves “MF for ORR” — Intercalated graphene/graphitic carbon
nitride (GCN): It was synthesised through intercalation of graphene by GCN to
enhance the electrical conductivity while maintain sufficient catalytic sites.
Utilisation of hierarchically porous structures can further increase the accessible
active sites and improve mass transfer. The optimised structure shows comparable

ORR activity and superior durability to commercial Pt/C.

® The second system is based on “NPM for ORR” — Maghemite embedded N-doped

graphene framework (y-Fe,O3/N-GF): The hierarchical N-GF substrate was firstly
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optimised to achieve high pore volume for rapid mass transfer, and then
incorporated by an appropriate amount of y-Fe,03, via “one-pot” synthesis, to boost
reduction potentials without compromising active site accessibility. The optimised

structure outperforms Pt/C for ORR, both in activity and durability.

® The third system focuses on “MF for bifunctional ORR/OER” — A P,N co-doped
graphene framework (PNGF) shows almost identical activity and greater durability
than commercial Pt/C for ORR and Ir/C for OER, respectively. Closely coupled
first-principle simulations and experiment design show that the OER performance is

strongly correlated with P-N bonds, while the ORR activity with N-doped moieties.
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Chapter 1. Introduction

Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are crucial for
energy conversion and storage (ECS).'® However, the commercial noble metals
catalysts to date, such as platinum or iridium / ruthenium based materials generally
suffer from cost and stability issues that hinder their large-scale applications.*®
Development of cost-effective and durable ORR / OER catalysts has attracted
considerable research interest as a result of the ever increasing demand on
rechargeable metal-air batteries and regenerative fuel cells.”™ The ‘scaling relationship’
between the adsorption of different reaction intermediates during multi-step and

multi-electron transfer processes elucidates the origin of ORR / OER overpotentials and

catalytic irreversibility, from a thermodynamic point of view, and can be used as

guidance for rational design of efficient catalysts, Figure 1-1."**°
q M
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Figure 1-1. A typical example of ORR / OER activity volcano.*®
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Recently, graphene has attracted great attention for applications in electrocatalysis, due
to its high electrical conductivity, large surface area and flexibility for structural
modifications.”** Computational simulations have predicted the possibility to design
heteroatom-doped graphene based catalysts with comparable or even superior ORR /
OER performance to the noble metal (oxide) counterparts, Figure 1-2.'* #?® However,
there exist critical challenges in developing such catalysts while ensuring effective cost
reduction in raw materials and synthesis.?* Moreover, the thermodynamic instability of
graphene based materials (mainly in the form of sp? carbon), especially at high

potentials for OER, is another big issue to solve to ensure their long time operation.?®

0.35

0.4

0.45

0.5

0.55

Minimum overpotential (V)

0.6

Descriptor, ®

Figure 1-2. Computationally predicated ORR / OER overpotentials for heteroatom doped

graphene, compared with Pt for ORR and RuO, for OER, respectively.?”

The relatively more rapid ORR / OER kinetics in alkaline than in acidic electrolytes
allows the use of a broad range of low-cost non-precious metal (NPM) and metal-free

(MF) catalysts to replace commercial noble metal counterparts.?*?® Hence the primary
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goal of this thesis is to design and develop graphene-based ORR / OER electrocatalysis
in alkaline media, either in the form of MF catalysts or as a support / co-catalyst to
NPMs. An extensive literature survey with regard to the ORR- / OER-involving ECS
techniques, the current research status of catalysts development and the property and
synthesis of graphene will firstly be given in Chapter 2. Based on these understandings,
three types of graphene-based systems have been designed: (1) intercalated graphene
/ graphitic carbon nitride as MF ORR catalysts, Chapter 4; (2) maghemite embedded
N-doped graphene framework as NPM ORR catalysts, Chapter 5; and (3) P,N co-doped
graphene framework as MF bifunctional ORR / OER catalysts, Chapter 6. Structural
and electrochemical investigations have confirmed that all those three graphene based
catalysts can demonstrate comparable or superior activity and exceptional durability to
the respective commercial noble metal catalysts. Detailed experimental procedures for
synthesis, characterisation, and evaluation of the developed catalysts have been

provided in Chapter 3.

-20 -
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Chapter 2. Literature Review

2.1 Oxygen Reduction Reaction (ORR) and Oxygen
Evolution Reaction (OER)

Electrocatalytic oxygen reduction and evolution reactions are at the heart of fuel cells,
metal-air batteries, and etc. The sluggish kinetics of ORR and OER, featured by large
overpotentials, represents one of the major bottlenecks in these critical enabling
technologies for energy conversion and storage (ECS). In this chapter, the ORR- and
OER-involving applications will firstly be overviewed, followed by a description of ORR /
OER mechanisms and origin of overpotentials with a particular focus on the reaction
pathway in alkaline electrolytes, pointing out the urgent need for development of

cost-effective and durable ORR / OER catalysts.

2.1.1 Applications — Why does ORR or OER Matter?

The chemical energy stored in hydrogen and several hydrocarbon fuels is significantly
higher than that found in common battery materials.* This fact provides the impetus to
develop fuel cells for a variety of applications. Fuel cells are an ideal primary energy
conversion device for remote site locations and find application where an assured
electrical supply is required for power generation, distributed power, remote, and

uninterruptible power.*® Figure 2-1 depicts the operation of typical fuel cells.
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Figure 2-1. Summary of reactions and processes in various fuel cell systems.30

Metal-air batteries are another type of promising ECS systems which combine metal
anodes with high energy density and air electrodes with an open structure to draw
cathode active materials (i.e., oxygen) from air, Figure 2-2.3*% Given that the cathode
oxygen is not stored in the cell (similar to fuel cells) and meanwhile the anode metal
possesses a high ratio of valence electrons to atomic nuclei, the theoretical specific
energy of metal air batteries (e.g. 5,210 or 1,090 Wh kg™ for Lithium-air or Zinc-air
batteries, respectively) can be considerably higher than the state-of-the-art Lithium-ion

batteries (e.g. 100-265 Wh kg™).*
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Metal anode Air cathode
OH- : in aqueous Zn-air battery

Li*: in non-aqueous Li-air battery
@® : Oxygen catalysts

Figure 2-2. Schematic structures of metal-air batteries (aqueous Zn-air and non-aqueous Li-air)

composed of a metal as the anode and a porous air electrode as the cathode.*

Note that the thermodynamic efficiency (&) of an electrochemical energy conversion
process, Figure 2-3, is defined by Equation 2-1:*

£ =455 _ Tas _ E°
th ~ AH AH ~ EY Eq. 2-1

The free energy AG, the maximum electric work obtainable from a chemical reaction, is
defined by Equation 2-2:

AG = —nFE° Eq. 2-2
Where n is the number of electron transferred in the overall reaction, F is the faraday
constant (96485 C mol™) and E° is the thermodynamic cell voltage.
Moreover, the reaction enthalpy AH, the heat delivered by the chemical reaction, is

defined by Equation 2-3, according to the Gibbs-Helmholtz equation:
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AH = AG + TAS = —nFE} Eq. 2-3

Where AS is the reaction entropy and EJ} is thermal cell voltage.

Cell voltage E

I
I

I

I

I Electric
: energy
I

I

I

I

I

!

Current /
Figure 2-3. Dependence of the cell voltage E* of a galvanic cell (with reaction entropy AS < 0) on

the current load, i*. n is overpotential at the electrodes and R is electrolyte resistance.®

As a result, for a fuel cell reaction with AS <0, e.g. H, + 1/2 O, = H,0, E%is 1.23 and
E{ is 1.48 V, giving a thermodynamic efficiency &;, of 0.83.3* The theoretical efficiency
of an electrochemical fuel cell system is much higher than a conventional heat engine
limited by Carnot efficiency, especially at low temperature (Figure 2-4), which is one of
the key advantages of fuel cells.* This also indicates that a low temperature fuel cell
(e.g. proton exchange membrane fuel cells or alkaline fuel cells, PEMFCs or AFCs) can
theoretically be more efficient than a high temperature fuel cell (e.g. solid oxide fuel cells,

SOFCs). More details are given in Section 2.1.1.1
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Figure 2-4. Comparison of energy conversion efficiency in a heat engine and H,-O,

electrochemical fuel cell.*®
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Figure 2-5. Schematic polarization curves of zinc-air cell. The equilibrium potential of the zinc-air

cell (black line) is 1.65 V, but the practical voltage (red line) in discharge is lower than 1.65 V due

to the sluggish ORR. A large potential is needed to charge zinc-air battery, higher than the

equilibrium potential (blue line).*
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The practical efficiency of an electrochemical cell depends on the overpotentials applied
to achieve usable current. As shown in the schematic polarisation curve of a zinc-air cell,
Figure 2-5, the overpotentials required for sluggish cathodic ORR and OER are much
larger than those for the anodic reactions.*® Similar situations also occur in, e.g.
hydrogen fuel cells where the cathodic ORR is six or more orders of magnitude slower

7

than the anodic hydrogen oxidation reactions,® which will be further explained in

Section 2.1.2.

2.1.1.1 Fuel Cells

Alkaline fuel cells (AFCs), or Bacon fuel cells named after its British inventor, are one of
the most developed fuel cells technologies. AFCs adopt aqueous alkaline electrolytes
(e.g. solutions of potassium or sodium hydroxide) and consume pure oxygen rather than
air to prevent the poisoning reaction with atmospheric carbon dioxide (i.e. CO, + 2KOH
> K,CO; + H,0), Figure 2-6.% The less corrosive alkaline electrolytes than strong
acidic electrolytes allow much greater latitude in the selection of electrocatalysts and
materials of construction on both cathodes and anodes.*

AFCs have been widely applied for space applications by National Aeronautics and
Space Administration (NASA) since 1960s, in Apollo-series missions and on the space

1. Since

shuttle, the only applications that could afford costly but efficient H,-O, fuel cel
mechanical pumps were not reliable enough, microporous asbestos saturated with

immobilized KOH electrolytes were used in NASA space fuel cells. However, such static

AFCs may not be suitable for electric vehicle applications, of which the normal operation
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requires frequent and safe shut down at ambient conditions for long time periods,
causing severe carbon oxidation and faster catalysts degradation at high open circuit
voltages. AFCs with circulating electrolytes may help reduce the carbonate formation.*®
More recently, novel alkaline membrane fuel cells (AMFCs) have been developed,
which is closely related to the polymer electrolyte membrane fuel cells (PEMFCs)
except using anion-exchange rather than proton-exchange membranes (PEM).*® The
most important advantage of using a membrane instead of a liquid electrolyte is the
elimination of the negative effects of CO,.** The conducting species is now in a fixed
solid polymer; therefore there will be some carbonates due to the reaction of the OH™
with CO, but because there are no mobile cations (i.e. K%), solid crystals of metal
carbonate will not be formed to block the gas diffusion electrodes. At the moment, the

membrane conductivity and durability of AMFCs are still not comparable to PEMFCs.**

Electrical
load
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Hydrogen T | KOH | J’ Oxygen
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Y ® Iu.' 2 f
s =

Electrolyte (KOH)
+ product water
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Figure 2-6. Schematic illustration of AFC with a circulating electrolyte.38
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PEMFCs have been adopted in commercial fuel cells vehicles (FCV), e.g. Toyota MIRAI
and Honda CLARITY. A typical PEMFC is manufactured as a stack of identical repeating
unit cells comprising a membrane electrode assembly (MEA) in which hydrogen gas (H.)
is oxidized on the anode and oxygen gas (O,) is reduced on the MEA cathode, all
compressed by bi-polar plates that introduce gaseous reactants and coolants to the
MEA and harvest the electric current (Figure 2-7).**** The electrochemical reactions
occur in the MEA electrodes, each attached to a solid polymer ion exchange membrane
that conducts protons but not electrons. The cathodic oxygen reduction reaction (ORR)
and anodic hydrogen oxidation reaction both occur on the surfaces of platinum based
catalysts. Pure water and heat are the only byproducts. Porous gas diffusion layers
transport reactants and product water between the flow fields and catalyst surfaces

while exchanging electrons between them.*?

Membrane electrode assembly

]

& -

Anode catalyst PEM Cathode catalyst
H, — 2H* + 26~ L— 10, + 26"+ 2H* 5 H,0
—] (]
Gas diffusion (- —
layers =—T—T—P —
—] L]
—] ]
-V +V
-IIF = == i)
—]
H, flow —] | ™ Air flow
] ==
Bi-polar plate T = — — Coolant flow
] ==

Nth unit cell

Figure 2-7. Schematic illustration of PEMFC stacks including the components of an expanded

MEA.*
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Direct-methanol fuel cells, DMFCs, are a sub-category of PEMFCs in which methanol
rather than hydrogen is used as the fuel in anodes, Figure 2-8.*>*' DMFCs do not have
many of the fuel storage problems typical of some fuel cell systems because methanol
has a higher energy density than hydrogen — though less than gasoline or diesel fuel.*
Methanol is also easier to transport and supply to the public using the current
infrastructure because it is a liquid, like gasoline.** DMFCs are often used to provide

power for portable fuel cell applications such as cell phones or laptop computers.*’

Tank
Y
Heat supply Exhaust
Ref:rmer*— MeOH/H,0 Air
. A
CO removal Alr ¢ ¢
Tank
Exhaust PEMFC A PMFC
-
) Al 1,0 Alr, I:|;20
Electric motor@ Electric motor @

(a) (b)

Figure 2-8. Schematic illustration of (a) IMFC, indirect methanol fuel cell, and (b) DMFC.*

Solid oxide fuel cells (SOFCs) use a hard, non-porous ceramic compound as the
electrolyte, Figure 2-9, and operate typically at, i.e. 850 - 1,000 °C.***° In contrast to
low temperature fuel cells, high temperature operations remove the need of precious
catalysts and fuel reformers, thus reducing the cost of overall systems.*® In addition to
hydrogen, SOFCs can also use natural gas, biogas, and gases made from coal as fuels.

On the other hand, high-temperature operations result in a slow start-up and require
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significant thermal shielding to retain heat and protect personnel, which restrict SOFCs
to stationary but not transportation applications.*® In addition, it places stringent
durability requirements on materials.*® Current research of SOFCs is devoted to
develop low-cost materials with enhanced durability at high temperature or

low-temperature SOFCs (i.e. < 700 °C) with comparable performance.>*®

Load

2H"0™=H,0

<+— H>2

. Porous Anode
Porous cathode

Figure 2-9. Schematic illustration of SOFC.*°

2.1.1.2 Metal-Air Batteries

Metal-air batteries are between traditional batteries and fuel cells. They have the design
features of traditional batteries in which a metal is used as the negative electrode. They
also have similarities to conventional fuel cells in that their porous positive electrode
structure requires a continuous and inexhaustible oxygen supply from the surrounding
air as the reactant, making possible very high theoretical energy densities — about 2-10
fold higher than those of lithium-ion batteries.*®

Among different types of metal-air batteries, aqueous zinc-air battery (ZAB) is a

relatively mature technology.®’ Primary ZAB has been known to the scientific community
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since the late nineteenth century.”® Commercial products started to emerge in the
1930s.>° ZAB has a high theoretical energy density of 1086 Wh kg™ (including oxygen),
about five times higher than the current lithium-ion technology. They can potentially be
the least expensive ECS technology with a projected cost of less than £100 kwh™,
compared with an average cost of at least £250-300 kwh™ for lithium-ion batteries (LIB)
or all-vanadium redox flow batteries (VRFB).®® Major challenges for the wide application
of rechargeable ZAB, in spite of its superior energy density and low cost, lie in the
relatively low activity (i.e. a power density of 90 W kg™ at the round-trip efficiency of 60%)
and the limited lifetime (i.e. lasting for no more than 300-500 cycles without apparent
performance loss).®*%

Dendrite formation on zinc anodes is one of the major issues restricting the long-term
durability of rechargeable ZAB.*® Over the recent past, the electrolyte compositions and
the operational conditions of ZAB have been comprehensively studied and optimised to
control the structure and morphology of the deposited zinc: for example, it is found that
a 60 °C zincate electrolyte with bismuth(lll) additives can effectively reduce the growth
of zinc dendrites and maintain a good operation for ca. 50 cycles under a current
density up to 100 mA cm™.* Meanwhile, to further extend the ZAB service life, a
‘regenerative’ flow battery design can be adopted by pumping fresh zincate electrolytes
for zinc deposition, which not only prevents the dendrite but also the shape change of
zinc anode during cycling and the zinc passivation for an enhanced anode materials

utilisation as well.®

Hence, the stability of zinc anode and electrolyte should be less of a
problem for the lifetime of rechargeable ZAB.® All those point to a pertaining challenge

that the durability issues are all related with its air cathode, such as cathode flooding,
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electrolyte drying out, carbon corrosion and loss of catalytic materials.®®

In order to achieve electrically rechargeable ZAB, recent research has proposed an
alternative tri-electrode cell configuration, Figure 2-10, i.e., using a third electrode for
OER during the charging process in addition to the Zn anode and the normal air
cathode for ORR.®” Such a cell design, despite complicating the whole battery assembly
and manufacturing, allows the use of the corresponding state-of-the-art ORR / OER
catalysts for discharging and charging and has been proven significantly improve the
cycle life for rechargeable ZAB, compared with the bi-functional electrodes containing

the same catalysts.™

1 o
2t H
£ '
: i
y '
4 i
3

Figure 2-10. Schematic illustration of ZAB with a tri-electrode configuration.67

Besides zinc-air batteries, other aqueous metal-air systems such as iron-air,
aluminium-air and magnesium-air have also been considered, but are not as favoured
as zinc-air.®*’° These batteries were first invented in the 1960s and 1970s (Table
2-1).”® Among them, iron-air is the only one that can be electrically recharged.

Practical iron-air batteries are capable of a long cycle life (> 1000 cycles).®® However,
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their energy density is not high, typically in the range of 60-80 Wh kg™, which falls short
of the desired target set for electric vehicle applications. Iron-air batteries are mostly
intended for grid-scale energy storage because of their low-cost (< £60 kwh™) and long
cycle life.%® Aluminium-air and magnesium-air batteries have high theoretical energy
densities and working voltages (Table 2-1). Unfortunately, practically attainable values
are much lower due to the parasitic corrosion reaction evolving hydrogen gas at the
metallic negative electrode.®® " Moreover, aluminium-air and magnesium-air are not
electrically rechargeable since the electrodeposition of aluminium and magnesium is not

thermodynamically feasible in aqueous electrolytes.®

Battery systems Fe-air Zn-air Al-air Mg-air Na-air K-air Li-air
Year invented 1968 1878 1962 1966 2012 2013 1996
Cost of metals ($ kg ') 0.40 1.85 1.75 2.75 1.7 ~20 68
Theoretical voltage (V) 1.28 1.65 2.71 3.09 2.27 2.48 2.96
Theoretical energy density (Wh kg™")° 763 1086 2796 2840 1106 935 3458
Electrolyte for practical batteries Alkaline Alkaline Alkaline or saline Saline Aprotic Aprotic Aprotic
Practical voltage (V) ~1.0 1.0-1.2 1.1-1.4 1.2-1.4 ~2.2 ~2.4 ~2.6
Practical energy density (Wh kg ") 60-80 350-500 300-500 400-700 Unclear” Unclear” Unclear”
Primary (P) or electrically recharge-able (R) R R P P R R R

“ Data source: http://www.metalprices.com. * Oxygen inclusive. © Reported values in literature were normalized to the mass of catalysts.

Table 2-1. Comparison of different types of metal air batteries.®

Non-aqueous organic electrolytes can be used to prevent the hydrogen evolution side
reaction that commonly occurrs on various metallic negative electrodes during the
charging process in aqueous electrolytes. Typically, non-aqueous lithium-air, sodium-air
and potassium-air batteries were introduced to the public and have gained rapidly
increasing attention.”””” Lithium-air is particularly appealing due to its very high
theoretical energy density (i.e. 3458-5210 Wh kg™, dependent on the final product).”’

Nonaqueous metal-air batteries have a starkly different battery electrochemistry from

their aqueous counterparts, Figure 2-11.” ORR in organic solvents proceeds at a rate
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orders of magnitude slower than in aqueous electrolytes.** This leads to the formation of
insoluble metal peroxide or superoxide particles, the accumulation of which at the air
electrode blocks oxygen diffusion, and gradually shuts off battery reactions.”*® The
latest mechanistic investigations by Bruce et al., Figure 2-12, reveal that promotion of

discharge in solution is the key to reduce overpotentials and enhance durability.®* %

Lithium anode J\ 'ﬁl Porous cathode

Li* ions

Non-aqueous
electrolyte

Anode: Li==Li"+¢" Cathode: 2Li" + 2™ + O, ==Li,0,

Figure 2-11. Schematic illustration of non-aqueous Li-O, battery.”

Solution mechanism Surface mechanism

Ui eoiy * €+ O3 ey = Li* teo * Oz (ool Li* + e+ Oy oo = LIO,*
2(Li" oy + Oy geony) = Lin0, + O, Li* + LiO,* +e = Li,0,*
2L oy *+ Oy oo *+ € = Liy0, 2Li0,* = Li,0,* + 0,

Strong Li* solvation solvent m Weak Li* solvation solvent

Figure 2-12. Reduction mechanism in a Li-O, cell at low overpotentials.78
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2.1.2 ORR / OER Mechanisms in Alkaline Electrolytes

The kinetics of ORR / OER is generally faster in an alkaline than in an acidic media,
featured by a smaller over-potential and a higher exchange current, primarily due to the
reduction of the thermodynamic barrier as the pH of electrolyte increases.?® %" Such an
advantage gives rise to the possibility of applying a wide range of non-noble metal or
metal-free catalysts, even those with a relatively weak oxygen binding energy.? #
Taking ORR as an example, in order to achieve comparable activities, a relatively small
amount of catalysts is generally required, e.g. in 0.1 M KOH than in 0.5 M H,SO,4 or 0.1
M HCIO4,%*® implying the development of noble metal alternatives is more feasible in
an alkaline environment.

The ORR and OER processes are complicated multi-step reactions involving a total of
four-electron transfer.®® Note that OER is essentially a reverse process of ORR, the
following discussion of reaction pathway will mainly focus on ORR. Scheme 2-1 shows
the ORR pathway in alkaline electrolytes.?* The dissociative pathway, also known as
parallel pathway, involves a dissociation of oxygen and its subsequent reduction to
water; while the associative pathway, or the series pathway, involves the formation of
peroxide (OOH*), which can be either a final product (OOH") or an intermediate leading
also to water.®® The dissociative pathway requires a cleavage of O=0 bond at the initial
stage and can only occur on a few metal surfaces at ambient conditions, such as Pt, Pd
and Ag. Most other catalysts including carbon tend to reduce oxygen via an associative
pathway. The difference lies in that carbon is poor at reducing the intermediate peroxide,

while other metals such as Fe- or Co-based catalysts also show good activity towards

peroxide reduction.®
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AG, AG, AG,
AG O*+20H —> OH* +30H —> 40H (Associative 4e” Pathway)
1
OOH* + OH” {
0, —>0,* OOH +0OH (Associative 2e” Pathway)
0* + 0* —> 20H* + 20H — 40H" (Dissociative 4e " Pathway)

Scheme 2-1. ORR reaction pathways in alkaline electrolytes.21

Computational simulations of ORR / OER activity are based on the associative pathway.
It has been proposed that the over-potentials of ORR and OER are related to the
strength of binding with different reaction intermediates on the catalysts surface (OOH?*,
O* and OH*) and the potential limiting step of ORR or OER is controlled by the unit step
requiring the minimum or maximum reaction energy.* The ideal electrocatalysts need
no driving force to catalyse the reactions, which means all the reaction energies are
exactly equal to 1.23 V as the equilibrium potential for OER / ORR.** Such ‘reversible’
catalysts with negligible overpotentials may exist in a two-electron transfer reaction
involving one single intermediate, such as hydrogen evolution and oxidation reaction
(HER / HOR).? The ideal catalysts satisfy the Sabatier principle to bind the intermediate

neither too weakly (no reaction) nor too strongly (catalysts poisoning), Figure 2-13.%%%

.. ldeal Catalyst -

%

“.. forHER ',f’é?: Hye + H* + &
S [HasH rehs ' S S22,
..|T_3 ‘\‘\ .r"' ----- HOR
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=
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Figure 2-13. Activity volcano for HER with respect to the binding strength of H*.%
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However, for multi-electron transfer reactions such as ORR and OER, large
‘thermodynamic’ overpotentials (e.g. top of activity volcano far from the equilibrium
potentials) can hardly be avoided.®* Such catalytic irreversibility is owing to the scaling
relationship between the adsorption energies of different reaction intermediates that
bind to catalytic surfaces via similar atoms.*® It has been noted that for ORR and OER in
alkaline electrolytes, the binding energy of OOH* and OH* are inter-dependent, with a
gap of ca. 3.0-3.4 eV regardless of the binding energy of O*.** %% Hence, the minimum
reaction potential for the second or third elementary step in OER (OH* + OH~ 2> O* + e~
+ H,O or O* + OH~ > OOH* + e7) is at least 1.5 — 1.7 V vs. RHE, while the maximum
reaction potential of the first or the fourth elementary step in ORR (O,* + e~ + H,O >
OOH* + OH~ or OH* + e- > OH") is at most 0.76 — 0.96 V vs. RHE, leading to a
‘thermodynamic over-potential’ of at least 270 — 470 mV for ORR and OER in most
cases (Figure 2-14). The ‘scaling relation’ between *OH and *OOH explains the origin

of sluggish kinetics for ORR / OER, compared with HER / HOR, and also indicates that

—AGi (eV) / Potential (V)

one single catalytic site can hardly be active for both ORR and OER.?’
AL |
2.2 4
2.0 J*OOH+H O+e'>*O+H O+OH
1.8 ]-AG,=AG_, +3.03
1.6 *0+H,0+e">*OH+0H’
1 4_'\ -AG=4G,,,+0.30
12_. ...................
1.0 “OH+H20+e'<->'+H:0+Ch
0.8 -AG =AG, on
0.6 +O +H,0+e'©>*O0H+0OH’
0.4 <AG =-AG_ +1.59
0.2
0.0
0.0 2.0
AG_DH(eV) Bmdlng energy

Decreasing binding strength

Figure 2-14. ORR / OER activity volcano for nitrogen-doped carbon based materials.*®
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2.2 Electrocatalysts for ORR and OER

The commercial noble-metal based ORR / OER electrocatalysts suffer from cost and
durability issues, and only exhibit either ORR or OER activity rather than both. In order
to reduce the amount of noble metal catalysts used in fuel cells and metal air batteries
and furthermore the overall cost of the ECS devices without comprising their
electrochemical performance, two major paths have been considered: e.g. for ORR, (1)
to alloy Pt with transition metals; or (2) replace Pt based materials with low-cost
non-precious metal / metal-free catalysts. Note that the active sites for ORR / OER are
generally different as explained in Section 2.1.2, the overview of the state-of-the-art
electrocatalysts in this chapter will accordingly be divided into two separate sections,
Section 2.2.1 for ORR and Section 2.2.2 for OER, respectively. In each section, the

noble metal, non-precious metal and metal-free catalysts will all be covered.

2.2.1 ORR Catalysts

2.2.1.1 Pt Alloys

In order to reduce the amount of Pt used in fuel cells, and also to further enhance the
intrinsic activity of Pt catalysts, alloying Pt with some secondary metals have been one
of the main research focuses over the last decades.® Typically, Pt alloys are composed
of a Pt over-layer and a core of Pt alloyed with a less noble late transition 3d metal.*
The Pt over-layer provides kinetic stability against the dissolution of the less noble
solute component. At the same time, the electronic structure of the Pt surface is
modified by the underlying alloy, resulting in improved ORR activity.”*** The activities

of Pt-alloy based NPs depend on both the composition and structure (ordering and
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morphology) and their interactions. A wide variety of transition metals (Ni, Fe, Co,

Y, etc.) has been incorporated into the Pt skeleton by carefully designed solution-based

synthesis leading to uniformly shaped nanoparticles, Figure 2-15.1%"
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Figure 2-15. Activity volcano for Pt-alloy ORR catalysts: measured kinetic current density with

respect to the calculated oxygen adsorption energy.'%

In addition to expanding the variation of compositions, the architectural studies of Pt

alloys have also been proposed to preferably expose the most electro-catalytically

active facets and sites. The primary approach is controllable tuning the surface

composition to optimize the whole alloy's activity."** In 2007, Stamenkovic et al.

reported exceptionally high catalytic ORR reactivity for a thermally annealed Pt;Ni alloy

surface with a well-defined (111) orientation.™*® Since then, the race towards the most
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catalytically active shapes with exclusive exposure of (111)-oriented surface facets has
significant boost the ORR activity of Pt-alloy catalysts.’®® **'2* The current record
performance was achieved by molybdenum-doped Pt-Ni nanooctahedra with about
8-nm edge length which possessed mass activity almost 70 times higher than those of

benchmark Pt catalysts proposed in 2010, Figure 2-16."**

— Benchmark Pt catalysts O
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i "
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_ O Q Octahedra
(10)
a Octahedra \cos(agh)edra
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Figure 2-16. Ever rising ORR activity of Pt-Ni alloy catalysts with (111) facets.™™

2.2.1.2 Non-Precious Metals

The most promising non-precious metal catalysts are transition metal-nitrogen-carbon
(MeNC) based, which can be divided into metal-N4 organometallic complexes (MeN,C
moieties) and metals coupled with nitrogen-containing carbon materials (Me-N-C
coupled interface), Figure 2-15.'%>'% Jasinski et al. first reported the ORR activity of
unsupported cobalt phthalocyanines in 1964."*’ The Me-N,-containing macrocycles
R.128_130 In

adsorbed on different carbon substrates also exhibited catalytic activity for OR

the 1970s, it was discovered that the stability and the activity of ORR catalysts could be
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significantly improved by heating the Me-N,4-containing macrocycle / carbon composites

to elevated temperatures in an inert atmosphere.**!

a) MeN, C moiety

M M Bl Metal species (Me)
Nitrogen (N)

i) Active sites in center i) Active sites in edge (Nitrogen-doped)
. Carbon (NC)
b) Me-N-C coupled interface

=) @

iii) Core-Shell iv) Substrate-Anchor

*** Me-N bonding

Figure 2-17. Schematic representation of two kinds of MeNC catalysts: (a) MeN,C moieties, and

(b) Me-N-C coupled interface.’®

In the late 1980s, Yeager et al. reported the ORR activity of carbonized polyacrylonitrile
(PAN) mixed with iron or cobalt salts, which were adsorbed on different carbon
substrates before heat treatment.*** This was an important result because it illustrated
that the metal and nitrogen could come from different precursors and
N4-metal-containing macrocycles are not necessarily needed. It was believed that, for
this combination of precursors, nitrogen atoms acted as binding sites for transition metal
atoms, which led to the retention of nitrogen during pyrolysis.*?®

In a very different approach, Dodelet et al. used a gaseous nitrogen precursor
(acetonitrile), which was added to the carbon support and iron source during pyrolysis

using acetonitrile in argon as carrier gas.'® In this work, polyvinylferrocene was
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adsorbed on carbon black and the mixture was pyrolyzed at 1000 °C. The product was
catalytically active for the reduction of oxygen, when the iron precursor and nitrogen
precursor were brought in contact during pyrolysis.’* Catalyst materials prepared
without any source of Fe or nitrogen source gave no catalytic activity for ORR, indicating
the necessary role of Me-N interaction to the ORR activity. The same research group
has also prepared very active ORR catalysts by pyrolyzing Fe acetate or Fe porphyrin
precursors on carbon supports in H, / NH; / Ar atmosphere at 400-1000 °C.*** Similar
synthetic methods, using Co acetate or Co porphyrin precursors, have also been used
to prepare ORR-active, Co-based electrocatalysts.™** 1%

The ‘real’ catalytic sites in MeNC catalysts are still not clear. Although a wide range of
synthesis routes have been proposed and a variety of active sites have been claimed,
all the top-performing MeNC materials demonstrated similar activity and thus the same
active sites — in alkaline electrolytes, the performance of MeNC can be comparable or

superior to noble metal catalysts; while in acidic media, the activity of MeNC are

normally not as good as noble metals.*?®

2.2.1.3 Metal-Free Materials

Besides being used as a support for metal catalysts, metal-free materials can also
demonstrate considerable catalytic activity.**’* The origin of their high activity may be
the unique electronic structure for reactant / intermediate adsorption and variable
nanostructure for enlarging the number of exposed active sites.™ % Note that pure

carbons (nanostructured carbons, carbon nanotubes, and graphene sheets) generally
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show negligible catalytic activities, doping non-metal heteroatoms such as N, B, S, O,
and P into their frameworks can significantly enhance ORR activities by (1) changing

the electronic character of the carbon and (2) creating rational defect structures to

enable a stronger oxygen adsorption.”® **°

o

Figure 2-18. Typical atomic configuration of different types of dopants at different doping sites in

the graphene matrix.”’

The ORR activity of heteroatom doped carbon is strongly dependent on the specific
doping site and content of heteroatoms, which can be carefully controlled by designed
doping procedure and precursor choice (Figure 2-18).°” Among all heteroatoms,
nitrogen doped CNT and graphene are most widely studied due to their easier synthesis
and relatively good performance.?” Generally, there are three types of nitrogen species
in carbon matrix (i.e. pyridinic, pyrrolic, graphitic N) depending on their different

positions and bonding configurations; the mechanism of different nitrogen functions
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toward ORR has recently been revealed by theoretical studies.? Beyond single doped
graphene, double or triple-doped graphene (e.g. B/N,*"**? S/N,** P/N,*** and N/B/P*%)
show much higher ORR activity as compared to single-doped ones., which may be due

to the inter-molecular synergistic catalysis as revealed by DFT calculations.**®

107
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Figure 2-19. ORR activity volcano of heteroatom doped graphene with regard to the binding of

OOH* intermediate. As predicted, the ORR activity of ideal doped graphene may surpass Pt.**

Although the experimental studies of ORR mechanism on metal-free materials are
difficult, theoretical analysis indicates that dopant can tailor the electron-donor
properties of nearby carbon atoms, which act as catalytic sites to enhance the
adsorption of OOH* intermediate.” *® Extensive efforts have been undertaken to
investigate the origin of ORR activity of graphene-based materials by performing

systematic experiments and calculations.?* It was shown that among various doped
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graphenes, N-graphene shows the lowest free energy change, indicating its possible
highest ORR activity, which is consistent with many experimental results.? Recent
studies combining the DFT calculations and electrochemical measurements showed
that an ideal doped graphene material has a potential to surpass the ORR performance

of the state-of-the-art Pt catalysts, Figure 2-19,.'* %%

2.2.2 OER Catalysts

2.2.2.1 Precious Metals (Oxides)

The first studies of OER electrocatalysts date back to the 1960s and were devoted to
single metals.™*’ The experimentally established sequence of overpotentials for OER in
acidic solutions is: Ru < Ir < Pd < Rh < Pt. However, single metals tend to be oxidised at
high potentials, forming metal oxide film on the surface during OER process.'*®
Consequently, metal oxide with the highest OER activity is rutile-type ruthenium oxide

(r-Ru0,) in both acidic and alkaline solutions (Figure 2-20).*°

1000 100 —
Ptir NSTF, 80°C Yapm RuO,-Ni*! —=
1004, wp IDNPW‘ Pr, Ba, ,Co0, " #
Ru_Co, NP'® ) o e
. 10 | 607 " 40 / o 104 Feo 3C003Nln 30)( !
£
S Ru, Ir. NP ==~ 7 Pipo g
E / IrO, film'™® <
E 13 2 - 1S
X Pt NP ~, 1
‘_‘§> Sputter RuO, .
0.14 <ZRu Ni O = Sputter MnO
RuO,NP"™ # Niy gsF, o5 (OH),™" .
0.01 AJZNPW # Acid Sputter RuO RuO, (10077#  Alkaline
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Figure 2-20. Overview of the state-of-the-art electrocatalysts for OER in either acidic or alkaline

solutions.**®
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A major drawback of the most active RuQO, is its weak stability under acidic conditions in
the case of commercial water electrolysis. During oxygen evolution under high
potentials, i.e. > 1.4 V vs. RHE, it can be further oxidized to ruthenium tetroxide (RuQ,)
while the latter is dissolvable.’™ As a result, the surface of RuO, is irreversibly changed
and its high activity is vanished. An alternative to RuQ, is iridium oxide (IrO,) that
possesses only a slightly higher overpotential but significantly enhanced OER stability

for up to 2.0 V vs. RHE.**®

2.2.2.2 Non-Precious Metals

Non-precious metals (NPM) OER catalysts, mainly of transition metals and their oxides /
oxy-hydroxides, are only stable in alkaline electrolytes. The firstly studied and still
popular NPM electrocatalysts are Ni- and Co-based oxides, although their activities are
not comparable to precious IrO, (Figure 2-21)."**** Multimetal oxides / oxy-hydroxides
based on Fe, Co and Ni show an improved activity to the corresponding single-metal
oxides.”® %8 very recently, a FeCoW oxy-hydroxide with near optimal binding energy
has been developed, which exhibits the lowest overpotential of 230 mV reported at 10

mA cm? in alkaline electrolytes.*

=
B
o

in 1 M NaOH at 10 mA cm”
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o
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Figure 2-21. Overpotentials of NPM OER catalysts at 10 mA cm? in alkaline electrolytes.151
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2.2.2.3 Metal-Free Materials

Different from the case of ORR, for which metal-free (MF) catalysts have been widely
investigated and shown to be competitive, the studies of non-metal materials for OER
have just begun. The theoretical studies of OER on carbon surfaces regarding oxygen /
hydroxide adsorption behaviour and mechanism are very rare..’> % % 181 Ajthough
high-surface-area porous MF catalysts may demonstrate high OER current, their
intrinsic activity (i.e. roughness factor / electrochemical surface area corrected current
density) and turnover frequency (TOF) are still worse than metal catalysts, let alone the

suspicious long-term stability against carbon oxidation at high potentials.®’

2.3 Brief Overview of Graphene

Although graphene or single atomic plane of graphite has been theoretically studied for
more than sixty years'®® and has been widely used to describe the properties of various

3

carbon-based materials,'®® it was generally regarded as an integral part of

three-dimensional (3D) materials and free-standing (sufficiently isolated from its

environment) graphene was presumed not to exist*®*

until the unexpected discovery in
2004." Following the initial investigations on its physical property, the Call from Ruoff
in 2008 largely expanded the research focus from its electronic properties to other
applications including electrocatalysis.*®® Stable chemical converted graphene (CCG)
dispersion in various solvents opens the gate to modify / tune the chemical properties of

graphene, facilitating the formation of either graphene derivatives or graphene

supported composites.*®” Moreover, the low cost and easy synthesis of graphite oxide
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(GO, the precursor of CCG) make mass production of graphene-based materials
potentially feasible.*®® In this chapter, the property (Section 2.3.1) and synthesis route

(Section 2.3.2) of graphene based materials will be summarized.

2.3.1 Properties of Graphene

In addition to the unique electronic properties of graphene that have been
comprehensively investigated during the first five years after its discovery,® graphene
also demonstrates large theoretical specific surface area (> 2500 m? g*),*"® high

electrical conductivity (less than Ag),*"

excellent thermal conductivity (about 100 times
of Cu),'? and strong mechanical strength (strongest ever measured).*” In fact, it is
speculated that in many applications graphene will out-perform CNTSs, graphite, metals
and semiconductors where it is used as an individual material or as a component in a

hybrid or composite material.*’* *°

2.3.2 Synthesis of Graphene

All different graphene synthesis methods can be generally classified as either a
bottom-up or a top-down approach: the former involves the direct formation of graphene
from carbon sources, while the latter is to split graphite or its derivatives.'®

Chemical vapour deposition (CVD), one of the most common bottom-up approaches for
graphene synthesis, is typically used to grow large-area, single or few-layer graphene
sheets. Ni and Cu catalysts represent two types of growth mechanisms due to their

different solubility of carbon.'”®*"® For those catalysts with a high solubility of carbon
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such as Ni, the hydrocarbon compound cracks at high temperatures to form carbon
species, which dissolve in the metal; upon cooling, the carbon species precipitate out
from the surface of the metal followed by nucleation and growth to form graphene. This
is called ‘carbon segregation and/or precipitation’ mechanism where the number of
graphene layers is strongly dependent on the cooling rate.'”” For catalysts with low
solubility of carbon such as Cu, graphene synthesis obeys the ‘surface growth’
mechanism. Instead of diffusing into the metal matrix, a carbon precursor firstly adsorbs
on the surface of the catalyst, and then nucleates and grows to form a graphene island,
and finally graphene by continuous growth.'”® Other bottom-up approaches include
plasma enhanced CVD (PECVD), which allows the growth of single-layer graphene at
shorter reaction time and lower temperature compared to the normal CVD.'”
Graphitization of carbon-containing substrates, such as SiC, through the high
temperature annealing can give rise to single-layer and few-layer graphene films as
well 8 18 |n addition to the above methods based on the solid-phase deposition,
graphene could also be produced via a wet chemical reaction of ethanol and sodium
followed by pyrolysis,*®? or through organic synthesis to give graphene-like polyaromatic
hydrocarbons.'® 18

The first isolation of graphene was obtained by mechanical cleavage of bulk graphite —
repeatedly peeling graphite with a scotch tape until the thinnest layer was found.*®
Although labour intensive and extremely low-yield, such a method can provide
high-quality graphene crystallites up to several hundred micron in size, which is
sufficient for most research purposes (especially in physics).'®® Instead of cleaving

5

graphite manually, ultrasonic'® or electrochemical exfoliation’®® has been explored,
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which can lead to stable suspension of exfoliated graphene in a variety of solution.

Using chemically ‘loosened’ graphite as starting materials can further facilitate the

187

aforementioned sonication process,*®’ of which the most commonly used are GO**® and

various intercalated graphite®®® 8

(i.e. alkali metal graphite intercalation compound). It
is worthwhile to emphasize GO here, which features easy synthesis, high yield, low cost,

and reasonably good dispersibility in a variety of solvents (i.e. up to 2-10 mg cm™ in

water), thus particularly suitable for both laboratorial and industrial application.*®®
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Chapter 3. Experimental

3.1 Synthesis

3.1.1 Intercalated Graphene / Graphitic Carbon Nitride™*

Graphite oxide (GO) was synthesized by a modified Hummer method.*® In a typical
experiment, 5 g graphite (< 20 micron, Sigma-Aldrich) was vigorously stirred with 115 ml
concentrated sulphuric acid (95-97%, Merck KGaA) in an ice bath (0 °C) and 15 g
potassium permanganate (99+%, Sigma-Aldrich) was slowly added in to prevent a rapid
temperature increase. The mixture was stirred in the ice bath for 30 minutes. After that
the mixture was moved to an oil bath (30 °C) and was further stirred for 2 hours. Then
115 ml deionised (DI) water (18.2 MQ, Barnstead Easypure RoDi) was slowly added in,
during which the temperature of the mixture may rise to ~40-45 °C. The diluted mixture
was kept stirring at that temperature for another 30 minutes. Subsequently, 700 ml DI
water was added into the mixture followed by 50 ml hydrogen peroxide aqueous
solution (30 wt%, Sigma-Aldrich). The mixture was left overnight before being washed
with 6-7 L DI water with centrifuge (Heraeus Biofuge Primo). When the pH value of the
drained water was 7, the GO obtained was freeze-dried (Virtis BT2KES) for about a

week before further use. [Note that the explosive manganese(VIl) heptoxide, Mn,O-,

can be produced during the synthesis of graphite oxide, it is important to add

permanganate slowly and control the temperature below 50 °C. The stirring

should be kept fast but without splashing. Using a larger reactor, i.e. 1 L conical
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flask is helpful. Wearing goqggles and gloves are necessary.]

Graphitic carbon nitride (GCN) was synthesized by the polymerization of cyanamide.?
In a typical experiment, cyanamide powder (99%, Sigma-Aldrich) was directly heated at
550 °C for 4 hours under nitrogen, with a ramping of 2.2 °C min™.

Graphene / graphitic carbon nitride intercalated composites (GSGCN) were synthesized
by wet chemical mixing of GO and cyanamide (GCN precursor) followed by thermal
annealing. In a typical experiment, desirable amount of cyanamide aqueous solution (50
Wt%, Sigma-Aldrich) were added in 100 ml GO suspension (1 mg mI™). The mixture was
sonicated for 1 hour till there was no visible precipitate. After that, the sample was dried
in a vacuum oven (80 °C) overnight. The grey / black powder obtained was then ground
and transferred into a crucible with lid. For thermal annealing, the heating programme
was the same as that for the synthesis of GCN — the sample was annealed at 550 °C for
4 hours under nitrogen, with a ramping rate of 2.2 °C min™. The GS/GCN composites
were labelled based on the mass ratio of cyanamide and GO, e.g. 100, 150, 200, 250,
and 300 mg cyanamide was mixed with 100 mg GO, the GS/GCN composites obtained
were marked as GSGCN_1x, GSGCN_1.5x, GSGCN_2x, GSGCN_2.5x and
GSGCN_3x, respectively.

Hierarchically porous graphene / graphitic carbon nitride intercalated composites
(hp-GSGCN_2x) were synthesized via the same fabrication procedure as GSGCN_2x,
but an extra 5 ml colloidal silica solution (40 wt% suspension in water, Sigma-Aldrich)
was added to the mixture of cyanamide and GO before sonication. After being annealed
at 550 °C, the material obtained was washed with 10 g ammonium bifluoride (95%,

Sigma-Aldrich) for 24 hours to remove the silica templates, followed by three rounds of
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filtration and washing with 1 L DI water and 0.5 L ethanol (100%, Merck KGaA). The
hp-GSGCN_2x obtained was dried in vacuum oven (80°C) overnight before

characterisation and evaluation.

3.1.2 Maghemite Embedded Nitrogen Doped Graphene Framework*®

Graphene oxide aqueous solution (2 mg ml*) was achieved by continuous probe
sonication (Hielscher UP400) of a mixture of 1 g graphite oxide (GO, detailed synthesis
was described in Section 3.1.1) and 500 ml DI H,O for 24 hours, followed by
centrifugation (Heraeus Biofuge Primo) at 8000 RPM (revolution per minute) for 30 min
to remove any trace amount of unexfoliated GO.

Hierarchically porous nitrogen-doped graphene framework, and confinement of
maghemite nanoparticles, was achieved via a hydrothermal reaction. The overall
approach for was a one-pot process, using the graphene oxide aqueous solution,
cyanamide and iron(lll) chloride as precursors for the framework, the N-doping and the
maghemite nanoparticles, respectively, which was followed by freeze drying and further
thermal treatment. An un-doped control samples (GF_800) was first synthesized using
15 ml graphene oxide aqueous solution (2 mg ml™) without any other nitrogen or iron
precursor. For optimization of N-doping, to the same amount graphene oxide solution
was added an aqueous cyanamide solution (50 wt%) of 120, 240 or 600 pl; hereafter
named with a suffix, N1, N2 or N5, respectively. Finally the optimized composition from
the above was used for further addition of iron(lll) chloride hexahydrate, FeCl;-6H,0, of

0.05, 0.15 or 0.25 mmol (13.5, 40.5 or 67.5 mg; hereafter named with a suffix, Fel, Fe3
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or Feb, respectively). In all the cases, the mixtures of graphene oxide solution and/or
cyanamide solution and/or iron(lll) chloride hexahydrate were sonicated for 30 minutes
before being moved into the Teflon-lined stainless steel autoclave for hydrothermal
reaction at 180 °C for 12 hours. The hydrogels formed were freeze-dried for 24 hours
and then were thermally annealed at 800 °C for 1 hour under flowing nitrogen (ramping
rate was 3 °C min™). The samples obtained were thus named as GF+Nx+Fey 800
(values of x and y denote the ratios of the relevant precursors mentioned above). To
understand the origin of porosity for the developed substrate, a doped graphene
framework without high temperature thermal treatment was also prepared for

comparison, and was named as GF+NXx.

3.1.3 Phosphorus / Nitrogen Co-Doped Graphene Framework

Phosphorus and nitrogen co-doped graphene frameworks (PNGF) are prepared via a
one-pot hydrothermal reaction using graphene oxide (detailed synthesis of graphene
oxide was described in Sections 3.1.1 and 3.1.2) as the carbon sources, and
diammonium phosphate (DAP) or ammonium dihydrogen phosphate (ADP) as the
single phosphorus and nitrogen precursors, and / or cyanamide solution (CA, 50 wt%)
as an extra nitrogen precursor, followed by freeze-drying and / or high-temperature
calcinations. The samples achieved have been named as PNGF_DAP, PNGF_ADP,
PNGF_ADP(op), PNGF(op), according to their corresponding synthesis conditions.
More specifically, in order to form PNGF_DAP or PNGF_ADP, 396 mg DAP (3 mmol) or
345 mg ADP (3 mmol) was added into 15 ml graphene oxide (2 mg ml®) and mixture
was sonicated for 30 min before being moved into a Teflon-lined stainless steel
autoclave for hydrothermal reaction at 180 °C for 12 h. The hydrogel formed was
freeze-dried for 24 h. The thermal annealing to achieve PNGF_DAP_800 was

conducted at 800 °C for 1 h under flowing nitrogen (ramping rate was 3 °C min™). The
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PNGF_ADP(op) was synthesized via a similar route as PNGF_ADP but using a smaller
amount of ADP (132 mg, 1 mmol). The PNGF(op) was synthesized via a similar route as
PNGF_ADP(op) but adding CA (240 p I) as an extra nitrogen precursor in the

hydrothermal reaction.

3.2 Physical Characterisation

The morphology and microstructure of the samples were investigated by scanning
electron microscope, transmission electron microscopy (JEOL 2100, Japan) and X-ray
diffraction (STOE Stadi P). Nitrogen sorption isotherms and BET surface areas were
measured at 77 K with Quantachrome Autosorb iQ-c.

The chemical composition was analysed by X-ray photoelectron spectroscopy (Thermo
Scientific K-Alpha, UK), Raman spectroscopy (Renishaw), Fourier transform infrared
spectroscopy (Thermo Scientific Nicolet iS10), and thermogravimetric analysis
(Setaram Setsys 16/18). Electrical conductivity was measured by the four-probe

technique (Jandel RM3) with the pressed pellet of materials as samples.

3.3 Electrochemical Characterisation

The electrochemical performance of the synthesized catalysts was mainly measured in
the O,-saturated 0.1 M KOH aqueous electrolyte. Oxygen was purged for 30 min before
measurement, and continuously bubbled through the electrolyte during the tests, in
order to ensure the saturation of O, in the electrolyte. Rotating disk electrode (RDE,

glass carbon tip, Metrohm) or rotating ring disk electrode (RRDE, Pt-ring / glassy carbon
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disk, Gamry) was used as the working electrode, Ag/AgCI (sat. KCI, Metrohm) was used
as the reference electrode, and a platinum sheet (Metrohm) was used as the counter
electrode. The scan rates for cyclic and rotating voltammetry were 100 and 10 mV s™,
respectively, and ring potential was constant at 0.5 V vs. Ag/AgCl for rotating
voltammetry. All the results were recorded using Metrohm Autolab 302N or Metrohm
Multi Autolab. In some results, the measured potentials were converted with reference
to the reversible hydrogen electrode (RHE) using the equation Erue = Eagaga +
0.0591 x pH + 0.197. The commercial platinum on carbon black (20 wt% Pt loading, Alfa
Aesar) and iridium on Vulcan (20 wt% Ir loading, Fuel Cell Store) were used as
reference samples for ORR and OER, respectively.
For preparation of the RDE working electrode, 4 mg catalyst and 40 pl Nafion solution (5
wt%) were added in 3 ml de-ionized water, followed by sonication for 60 minutes to
achieve uniform dispersion of the catalysts in the solvent. Catalyst suspension (5.4 ul)
was drop-cast on the RDE tip (3 mm diameter) and dried at 60 °C. For RRDE working
electrode preparation, 4 mg catalyst and 40 ul Nafion solution (5 wt%) were added into
a mixture of 3 ml de-ionized water and 1 ml ethanol absolute; and 25 ul catalyst
suspensions were then drop-cast on the RRDE tip electrode (5.61 mm diameter for GC).
The catalyst loading is ca. 0.1 mg cm™ for all samples including commercial platinum
loaded carbon and iridium on Vulcan.
For RDE measurement, the electron transfer number (ETN, n) was calculated based on
the Koutecky—Levich (K-L) equation (Equation 3-1):

1 1

1 1 1
—=—4 == ~ + = Eq. 3-1
T K oeamrcepty 0 Ik q

where J is the measured current density, J, and Jx are the diffusion limiting and kinetic
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current density (mMA cm), F is the Faraday constant (96485 s A mol™), C, is the bulk
concentration of dissolved O, in 0.1M KOH (1.2 x 10 mol LY, Do is the diffusion
coefficient of O, in 0.1M KOH (1.9 x 10° cm? s™), v is the kinematic viscosity of the
191

electrolyte (0.01 cm? s™), and w is the angular velocity (rad s™).

For RRDE, the ETN was determined through Equation 3-2:

— Iq
n—4XId+Ir/N Eg. 3-2

Iq
~ Ig+1/N

n=4 where |y and |, are the measured current for disk and ring electrode, and N

is current collection efficiency of the Pt ring (0.37).*%°

For Tafel plot, the diffusion corrected kinetic current density (Jx) was calculated on the

basis of the K-L equation (Equation 3-3):'%

I x]JL

Jk = = Eq. 3-3

Electrochemical impedance spectroscopy (EIS) measurements were conducted under
1600 RPM and at the potential under which the current density reaches 3 mA cm™. The
frequency range is 1 MHz to 0.01 Hz. The amplitude is 10 mV.

Chrono-amperometry measurement for ORR or OER stability was conducted in
O,-saturated 0.1M KOH for 20 hours under 1600 RPM and at the potential under which
the ORR or OER current density reaches 3 or 10 mA cm™, respectively. The potential
cycling for ORR / OER durability was conducted between 0.2 and 1.2 V vs. RHE for
ORR or between 1.2 and 2 V vs. RHE for OER, respectively, using a scan rate of 100
mV s™* for 5000 cycles.™®*

Electrode evaluation was conducted in 0.1 and 6M O,-saturated KOH electrode. The
electrodes were prepared by spray-coating the corresponding catalysts on carbon fibre

paper gas diffusion layer (GDL, lon Power). The loading ratio was 0.7 mg cm™.
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Chapter 4. Intercalated Graphene / Graphitic
Carbon Nitride

4.1 Introduction

Metal-free ORR electrocatalysts, such as nitrogen-doped carbon and its derivatives,
have attracted considerable interest due to their comparable catalytic activity, reduced
cost and improved durability, compared with the existing counterparts.™’ It is commonly
accepted that introducing nitrogen into a carbon matrix is a key step to synthesize highly
active metal-free ORR catalysts.'® Despite the controversy on the exact role of nitrogen

175, 195, 196

heteroatom in ORR, both quantum mechanical calculations and experimental

observations®’-2%°

reveal that incorporation of nitrogen, especially the graphitic and/or
pyridinic species, induces a positive charge on the adjacent carbon, which can facilitate
oxygen adsorption and subsequently weaken the O=0O bond in the adsorbed oxygen
molecules. In this regard, graphitic carbon nitride (GCN) — stacked two dimensional (2D)
heptazine (C¢N;) sheets connected by tertiary amines — may serve as a promising
metal-free ORR catalyst owing to its high nitrogen content (60.9 wt% in theory and
mainly of pyridinic / graphitic nature) and stable molecule structure.?**2%

Unfortunately, the electrocatalytic activity of pristine GCN is restricted by its
semi-conductive nature (< 102 S cm™), which obstructs electron transfer during the

ORR process.?® Thus introducing electron-conductive carbon materials as substrates

should be a general strategy to improve the ORR performance of GCN. First-principle
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studies on the ORR capability of GCN have shown that if sufficient electrons are
available in the GCN-O, system, the ORR could occur via a direct four-electron (4e)
pathway, rather than the two-step two-electron (2e) pathway for the pristine GCN.?*®
The first experimental attempt of carbon-supported GCN composites was to
mechanically blend GCN with carbon black (CB).?®® The GCB/CB composites showed
much improved onset potential and reduction current density, compared with pristine
GCN, as a result of the increased conductivity and surface area derived from carbon
black support.?® To further clarify the role of substrates, ordered porous carbon
materials, such as CMK-3, were then adopted as their morphology and structures were
easy to control. It was shown incorporation of GCN into CMK-3 led to a direct 4e

® However, the small

pathway, in accordance with the theoretical prediction.?
mesopores in CMK-3 may not be capable of fast mass exchange during ORR and the
catalytic activity of GCN@CMK-3 was thus worse than that of the commercial Pt/C.
From this point of view, uniform GCN embedded porous carbon (GCN/C) composites
with tuneable pore size have been prepared.”®” The ORR activity of macroporous
GCN/C with pore size of 150 nm was shown superior to that of the mesoporous GCN/C
with pore size of 12 nm obtained via the similar synthesis route. The macroporous
GCN/C facilitated the oxygen diffusion, and led to a much smaller Tafel slope value in
the high overpotential region than that of the mesoporous sample. However the overall
electron transfer number for this macroporous composite was only three, indicating a
combined 2e and 4e reaction pathway, which was probably due to the low specific

surface area and the lack of exposed active sites.””” Up to now, none of the

aforementioned carbon-supported GCN composites can show both fast ORR kinetics
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and excellent selectivity towards a 4e transfer pathway.

Compared with carbon-based supports, 2D graphene sheets (GS) are expected to be a
better substrate, given the excellent electron collection and transport properties of GS
and its structural similarity to GCN.?® One theoretical investigation demonstrated that
the 11-11 interaction at the interface of hybrid GS/GCN composites could force electrons
to transfer from GS to GCN and accumulate on the active sites in GCN, which was
predicted to significantly enhance the ORR catalytic activity.?®® However the early
investigation of immobilizing GCN on GS only showed limited improvement — the ORR
occurred via a 3e pathway with reduction current density slightly lower than that of the
home-made platinum-loaded graphene composite.”®* Such an improvement was below
expectation because only the effect of conductivity was considered and the GCN
loading ratio (amount of active materials) was low (ca. 10 wt% nitrogen). In addition, the
layered morphology was unfavourable for ORR due to the limited active sites exposure
and the inefficient mass transport and access.”**

Inspired by that, here for the first time, | experimentally synthesized GS/GCN
intercalated composites with hierarchical porosity. The ORR activity was first optimised
by balancing two intrinsic parameters — active sites and conductivity. After further taking
into account of mass transport, the hierarchically porous GS/GCN intercalated
composites obtained showed fast reduction kinetics and 100% catalytic selectivity
towards the four-electron transfer pathway, with better long-term stability and stronger
tolerance against methanol than the commercial Pt/C catalysts. To the best of my
knowledge, such excellent catalytic activities outperformed the other GCN-based ORR

CataIyStS 204-207, 210
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4.2 Results and Discussion

The morphology of GS/GCN composites is first studied by scanning electron
microscopy (SEM). It can be seen in Figure 4-1 that all GS/GCN composites possess
layered structures (as highlighted by the white circles), which are similar to that of
pristine GCN (Figure 4-1a) and GS (Figure 4-1b). High resolution transmission electron
microscopy (HRTEM) image of GS/GCN_2x in Figure 4-1h further confirms the above
observation. The layered structure of GSGCN_2x is clearly shown from its cross

sectional image and the inter-layer distance is calculated to be 0.33 nm (or 3.3 A).
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Figure 4-1. Electron microscope images of GCN, GS and GSGCN composites. SEM images of

(8) GCN, (b) GS, (c) GSGCN_1x, (d) GSGCN_1.5x, (6) GSGCN_2x, (f) GSGCN_2.5x and (g)

GSGCN_3x; and (h) HRTEM image of GSGCN_2x. White circles in (a-g) highlight the layered

structures of GCN, GS, and GSGCN composites.
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Figure 4-2. XRD of GO, GS, GCN and GS/GCN intercalated composites. Those three straight

lines exhibit the difference in the peak positions of GS, GCN and GS/GCN composites.

It is displayed in the X-ray diffraction patterns (XRD, Figure 4-2) that graphite oxide (GO)

possess an intensive diffraction peak round 10°, similar to the previous reports.*®® The
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diffraction peak position indicates an interlayer distance of ~8.5 A for GO, more than

204 3s a result of the oxygen functional

double the value for graphite powder (~3.3 A),
groups between layers and the intercalated water. The peak positions of GS/GCN
composites are at 26.9°, corresponding to an interlayer distance of 3.31 A, which is in
accordance with the value obtained from the HRTEM image shown above (Figure 4-1h).
The interlayer distances for GS and GCN are 3.27 and 3.44 A, according to the peak
positions at 25.9° and 27.3° respectively. Note that the XRD peak positions of GS/GCN
composites are between those of GS and GCN (highlighted by the straight lines in

Figure 4-2). Hence, the change in the interlayer distance suggests successful

intercalation of GS into GCN layers.?*
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Figure 4-3. Nitrogen isotherms for GCN and GS/GCN intercalated composites at 77K.

Nitrogen isotherms at 77 K (Figure 4-3) are used to investigate the microstructures of
GCN and GS/GCN intercalated composites. The Brunauer-Emmett-Teller specific

surface area (BET SSA) of GS/GCN composites derived from the nitrogen isotherm are
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within the range of 50-75 m? g* (Figure 4-4), with a slight rise from GSGCN_1x to
GSGCN_1.5x then drop as the GCN content in the composites further increases. The
SSA of the intercalated GS/GCN composites is lower than the previously reported value
for graphene-based materials'’® ?** %2 due to the restacking of graphene sheets during
the formation of intercalated layered structures. Nevertheless, the BET SSA of any

GS/GCN composite is significant higher than that of GCN (ca. 15 m? g%).
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Figure 4-4. BET specific surface area of GCN and GS/GCN intercalated composites, derived

from N2 isotherms at 77 K (Figure 4-3).

Chemical constitutions of the intercalated GS/GCN composites are then examined by
the Fourier transform infrared spectroscopy (FTIR). Results (Figure 4-5) show that the
out-of-plane bending vibration characteristics of heptazine rings (~800 cm™, highlighted
by the ellipse) for GCN are preserved in all GS/GCN intercalated composites, while the

typical stretching vibration modes of heptazine-derived repeating units (~1200-1650
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cm™, highlighted by the straight lines in the inserted small plot) appear in GSGCN_2x,
GSGCN_2.5x and GSGCN_3x but are not evident in GSGCN_1x and GSGCN_1.5x,
implying either an incomplete polymerization or partial decomposition of GCN
component for the latter two composites.?*%® What's more, it is noticed that GO has
been successfully reduced to GS via thermal annealing as the non-sp? carbon bonds
(i.e. C-O, C=0 and O-C=0) of GO significantly diminish in all GS/GCN composites®"’
(highlighted by the straight lines in the main plot), which could be further supported by

the X-ray photoelectron spectroscopy (XPS) results.
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Figure 4-5. FTIR of GO, GS, GCN and GS/GCN intercalated composites. The ellipse and box
(and also the lines in the inserted plot) represent the stretching mode of GCN; those lines in the
main plot represent the vibration modes of epoxides, hydroxyls, carboxyls and ketones,

respectively.

Itis shown in XPS C1s spectra (Figure 4-6) that the intensities of C-O bond (~286.5 eV)

and C=0 bond (~288 eV) are largely reduced in GS and GS/GCN composites and the
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atomic ratio of Cg/Csps increases from 0.9 for GO to 2.7 for GS.?*® Also the N-C=N
bond (~288.3 eV) from GCN could hardly been observed in GSGCN_1x and
GSGCN_1.5x, in line with the FTIR results. It's worth noting that the C-C bond (~284.7
eV in GS/GCN) and N-C=N bond (~288.1 eV in GS/GCN, if applicable) of GS/GCN
composites show a right/left shift of ca. 0.1 eV compared with that of the pure GS and
GCN respectively (highlighted by the dash lines in Figure 4-6), which should be
attributed to the strong electron transfer between the intercalated GS/GCN interfaces.?*®
The relative ratios of pyridinic nitrogen bonding (~399 eV)?*° derived from XPS Nis
spectra for the GSGCN_1x and GSGCN_1.5x are much lower than that of pure GCN

(Figure 4-7),

confirming the incomplete polymerization or partial decomposition of GCN

discovered in the FTIR.
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Figure 4-6. XPS C1s spectra for GO, GS, GCN and GS/GCN composites.
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Figure 4-7. Relative pyridinic nitrogen content in GCN and GS/GCN intercalated composites

derived from XPS N1s spectra.

The residual mass of the GS/GCN composites after thermogravimetric (TG) analysis
(Figure 4-8) could be used to estimate the mixing ratio of GS/GCN in the composites®*®
since GCN has almost completely decomposed after heating at 800 °C while no
significant weight change could be detected for GS. The decrease of the GS content in
the composites, from GSGCN_1x to GSGCN_3x, is in agreement with the increasing
nitrogen content derived from the XPS (Figure 4-9). Note that the intercalation of GCN
into GS layer lowers the GCN decomposition temperature of 30 °C (Figure 4-9),
indicating this intercalated hybrid structure decreases the decomposition temperature of
GCN. Hence the lack of GCN pattern in GSGCN_1x and GSGCN_1.5x should be

attributed to the partial decomposition of GCN.
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Figure 4-8. TG patterns for GS, GCN and GS/GCN intercalated composites in a flowing N,

environment, from room temperature to 800 °C, with a ramping rate of 3 °C min™.
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Figure 4-9. GS content in GS/GCN intercalated composites derived from the TG results and
nitrogen content derived from XPS.
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The electrocatalytic behaviours of intercalated GS/GCN composites are examined by
cyclic voltammetry (CV) and the current density presented here equals the measured
current divided by the geometric surface area of GC electrode. As shown in Figure 4-10
that the ORR performances of all the GS/GCN composites with different GCN ratios are
superior to that of pure GCN, in terms of both onset/peak reduction potential and current
density. More importantly, as the GCN content in the composites increases initially, from
GSGCN_1x to GSGCN_2x, the reduction current density increases while the
onset/peak reduction potential remains the same; but when GCN content further
increases, from GSGCN_2x to GSGCN_3x, both the reduction current density and
potential decrease considerably and gradually show a pattern similar to that of pure
GCN. Such phenomena could also be confirmed by linear sweep voltammetry (LSV)

measurement (Figure 4-11).
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Figure 4-10. CV of GCN and GS/GCN intercalated composites (scan rate is 100 mV s'l). The
red curve highlights the shift of peak reduction potential in CV.
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Figure 4-11. LSV of GCN and GS/GCN intercalated composites at 2000 RPM (scan rate is 10

mV s™)

To explain the above observations on the ORR properties of GS/GCN intercalated
composites, both structural characteristics and chemical composition need to be
considered. Particularly, the BET SSA (m%g) and total nitrogen content from XPS
(atom%) should be taken into account, as the surface nitrogen heteroatom is the origin
of ORR catalytic activity. Here a new parameter called ‘effective-SSA’ (E-SSA) is
introduced, which is defined as the product of SSA and nitrogen content. In this sense,
E-SSA could represent the amount of active sites, and E-SSA normalized peak
reduction current thus represents the conductivity, assuming no major difference in the
mass transport capability for GS/GCN composites as they all possess layered
structures, the similar macro-morphology. Note that little micro-pores can be observed
in GS/GCN composites according to N, isotherms at 77 K (Figure 4-3), their

double-layer capacitance (DLC) should mostly in proportional to the BET SSA in this
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case. Hence, the influence of DLC on E-SSA normalised peak current density should
also have been eliminated. It is shown in Figure 4-12, when the GCN content in the
composites is low, the E-SSA normalized current is almost a constant, indicating
sufficient conductivity supplied by the intercalated GS. As a result, the ORR
performances, similar reduction potential but increasing current density from
GSGCN_1x to GSGCN_2x, are dependent on the amount of active sites. However
when the GCN content is in excess, though the E-SSA of GSGCN_2.5x and
GSGCN_3x is similar to that of GSGCN_2x, the E-SSA normalized current decreases
significantly, in accordance with the rapid decline in both reduction potential and peak
current density. This suggests the amount of GS in the composites no longer affords to
provide enough conductivity and the ORR activity turns into conductivity dependent.
Accordingly, GSGCN_2x shows the best ORR performance among all five GS/GCN
intercalated composites because it possesses the largest amount of active sites while
remains sufficient conductivity. The increase in electrical conductivity, which is led by
the intercalation of GS into GCN layers, is one of the key requirements for the improved
ORR activities. Such an enhancement can be confirmed by the four-probe conductivity
measurement (Table 4-1). Typically, the powder conductivity for GCN is under the
detection limitation of the instrument, and thus must be smaller than 102 S cm?, similar
to the previous report.?®* For GS/GCN intercalated composites, the conductivity is about
0.5-45Scm?, i.e.3.06 Scm™ for GSGCN_2x, at least two orders of magnitude greater

than that of pristine GCN.
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Figure 4-12. E-SSA and E-SSA normalized peak current for GS/GCN intercalated composites,

calculated from the CV, BET and XPS nitrogen content.

Sample Sfcm
GCN out of range
GSGON-3x 0.53
GSGUCN-2.5x 1.46
GSGCON-2x 3.06
GSGCN-1.5x 3.59
GSGON-1x 437
GS 1.7

Table 4-1. Electrical conductivities of GCN, GS and GS/GCN intercalated composites.

Mass transport is another crucial factor for ORR besides active sites and electrical
conductivity. Though macropores are capable of fast oxygen exchange during ORR, the
relatively low surface area leads to a lack of exposed active sites.??! It is thus expected

hierarchical porosity with combined macropores and mesopores may solve the dilemma
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of both high accessibility and high surface area, as macropores can promise efficient
mass transport while mesopores offer sufficient accessible active sites. Here |
demonstrate such a hierarchically porous GS/GCN intercalated composite
(hp-GSGCN_2x) can be easily fabricated by the addition of excess silica hanospheres
before the polymerization of GCN. The macroporosity of the hp-GSGCN_2x obtained is
confirmed by SEM (Figure 4-13) and the mesopores with an average size close to the
diameter of individual silica sphere template (ca. 10 nm) are shown under HRTEM
(Figure 4-14). Note that the interlayer spacing of hp-GSGCN_2x (~0.33 nm, as shown
in HRTEM) is close to that of GSGCN_2x, which means the hp-GSGCN_2x also
remains the intercalated structure. The XPS patterns of hp-GSGCN_2x are similar to
those of GSGCN_2x with a slight decrease in nitrogen content, but the SSA of
hp-GSGCN_2x is ~50% greater than that GSGCN_2x, giving the overall E-SSA roughly

30% higher.

Figure 4-13. SEM image of hp-GSGCN_2x.The red arrows show the macropores.
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Figure 4-14. HRTEM image of hp-GSGCN_2x. The red arrows show the mesopores close to the

size of silica sphere (ca. 10 nm). The inter-layer distance of GS/GCN composites is further

confirmed to be 0.33 nm.

The ORR activities of hp-GSGCN_2x are first assessed by CV. As shown in Figure
4-15, the peak current density of hp-GSGCN_2x is almost 1.5 times higher than that of
GSGCN_2x and the onset/peak reduction potential also increases by ~30 mV, which is
further confirmed by LSV (Figures 4-16 and 4-17). Surprisingly, though the onset
reduction potential of hp-GSGCN_2x is still lower than that of Pt/C, the current density
surpasses Pt/C at a potential of only -0.24 V vs. Ag/AgCl and the half wave potential is
only 90 mV lower. The electron transfer numbers for GSGCN_2x and hp-GSGCN_2x

are calculated by the Koutecky-Levich equation.?? It is shown in Figure 4-18 that the
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K-L plot of h-GSGCN_2x at -0.4 V vs. Ag/AgCl is parallel to the straight line for
theoretical 4e” pathway, and the electron transfer number is calculated to be 3.98
(Figure 4-19); on the other hand, the electron transfer number for GSGCN_2x is only
2.25, close to an indirect 2e” pathway. In addition, the efficient 4e transfer for
hp-GSGCN_2x can also be observed within a broad potential range from -0.3 to -0.6 V
vs. Ag/AgCl, as shown in the Figure 4-19. Note that it is difficult for the adsorbed O, to
be directly dissociated on carbon surface, the observed '4e  transfer' via RDE
measurement should be mostly referred to an associative 4e” pathway, or in other word,
the indirect ‘2+2" pathway.?® Nevertheless, the excellent catalysis selectivity and fast
ORR kinetics of hp-GSGCN_2x at a relatively high potential region should be attributed
to the synergistic effect of the balanced active sites and electrical conductivity and so as
the pre-designed hierarchically porous structure, especially those macrospores for
facile mass transport. The enhancement in ORR performance derived from the
hierarchical porosity can be further confirmed by the significantly reduced Tafel slope at
the high potential range of -0.15 to -0.2 V vs. Ag/AgCl (70.6 and 108.9 mV dec™ for
hp-GSGCN_2x and GSGCN_2x respectively, Figure 4-20). As far as | know, none of
the existing metal-free GCN-based ORR catalysts possesses both the aforementioned
excellent catalysis selectivity and fast ORR kinetics at such a relatively high potential

region.™*
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Figure 4-15. CV of GSGCN_2x and hp-GSGCN_2x (scan rate is 100 mV s'l).
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Figure 4-16. LSV of GSGCN_2x, hp-GSGCN_2x and Pt/C at 1500 RPM (scan rate is 10 mV s™).
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Figure 4-17. LSV plots of GSGCN_2x and hp-GSGCN_2x (scan rate is 10 mV s'l).
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Figure 4-18. K-L plots of GSGCN_2x and hp-GSGCN_2x at -0.4 V (dashed lines represent the

K-L plots for the theoretical 2e” and 4e” pathway).
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Figure 4-19. Number of electron transfer for GSGCN_2x and hp-GSGCN_2x at -0.3t0 -0.6 V.
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Figure 4-20. Tafel plots of GSGCN_2x and hp-GSGCN_2x, derived from LSV at 1500RPM. The
linear fitting range is within the potential range of -0.15 to -0.2 V vs. Ag/AgCI.
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Since safety is the first priority to the widespread application of electric vehicles, the
tolerance against the methanol crossover effect should be of particular importance to
the direct methanol fuel cells (DMFC), and so as the long-term durability. The methanol
tolerance is evaluated by the current-time response at -0.3 V vs. Ag/AgCl. Oxygen is
purged into the electrolyte from 500 s and 3M methanol is added in after 3500 s. It is
shown in Figure 4-21 that the ORR of Pt/C switches to a methanol oxidation reaction
(MOR) after the addition of 3M methanol, as indicated by the shift to a positive current
density;**® however the ORR activity of hp-GSGCN_2x is almost unaffected. The
long-term durability of hp-GSGCN_2x and commercial Pt/C is also assessed through
the chronoamperometric response at -0.3 V vs. Ag/AgCI. The ten-hour test (Figure 4-22)
only causes a slight activity loss for hp-GSGCN_2x, whereas Pt/C loses nearly 40% of
its initial activity. These two measurements confirm that the hp-GSGCN_2x in this work
is much more stable in the alkaline electrolyte and against the methanol cross-over

effect, compared with the commercial Pt/C.
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Figure 4-21. Chronoamperometric response of hp-GSGCN_2x and Pt/C in O,-saturated 0.1M

KOH + 3M CH3;OH, under 1600 RPM, at -0.3 V vs. Ag/AgCl for methanol tolerance.
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Figure 4-22. Chronoamperometric response of hp-GSGCN_2x and Pt/C CA in O,-saturated

0.1M KOH, under 1600 RPM, at -0.3 V vs. Ag/AgCI for long-term stability.
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4.3 Summary

In this work, a facile synthesis method of hierarchically porous GS/GCN intercalated
composites is presented, and the composites display much better ORR activities than
the existing GCN-based catalysts and also improved durability and methanol tolerance
compared with commercial Pt/C.

However, it is noted that the onset overpotentials of the hp-GSGCN_2x are still larger
than that of the commercial Pt/C, despite the fact that a comparable reduction current
density can be achieved. Hence, in the next chapter, non-precious metal catalysts with
higher onset reduction potential (i.e. iron based compounds) will be introduced to the
heteroatom doped graphene framework. It is expected that the strong interaction
between the metal / metal oxide and doped carbon obtained, as well as the synergistic
effect of two different active sites, can lead to significantly reduced overpotentials while

retaining the excellent catalysis selectivity and fast kinetics.
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Chapter 5. Maghemite Embedded Nitrogen

Doped Graphene Framework

5.1 Introduction

The best-known non-precious metal (NPM) ORR catalysts consist of nitrogen, carbon
and transition metals, such as Fe (Fe/N/C).**® Progress has been made towards the
synthesis methods of Fe/N/C catalysts and the understanding of their ORR
characteristics, including the recognition of the essential role of a thermal treatment step
and the strong dependence of ORR activity on the type of precursors and their
concentrations to achieve the Fe/N/C system.?* The strong interaction between iron
compounds and nitrogen doped carbon substrates is also found beneficial to enhance
the stability and reduction potential.”*

However, in spite of the above achievements, a key challenge remains that most of the
reported activities of such NPMs catalysts are yet to match all the performance
indicators of the equivalent PtC.'** On the other hand, apart from the cost issue, the
current PtC catalysts also suffer from several weaknesses: 1) poor mass transfer owing
to the non-optimized carbon substrate;**® 2) reduced number of electrons transferred in
the mixed kinetic-diffusion region as a result of peroxide (HO;") formation on surface
oxide;?® and 3) structural instability leading to dissolution of Pt during ORR.*’

Given that both chemical composition and structure are critically important for ORR, a

rational design of facile NPMs must consider both properties. An ideal NPM catalyst
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should consist of: 1) an optimized hierarchical substrate to ensure sufficient mass
transfer and catalytic sites exposure; 2) active NPM catalytic sites with strong HO,
binding to promote four electron (4e’) transfer pathway, and with comparable oxygen
adsorption kinetics to Pt for enhanced onset reduction potential; and 3) strong and
stable interaction between NPMs and the substrate for prolonged lifetime. In this regard,
| propose a two-step design process for such highly efficient NPM catalysts: 1)
hierarchical porosity of the supporting substrate is formed and optimised in advance,
especially to achieve high total pore volume for rapid mass transfer; and 2) a suitable
amount of NPM precursor is introduced into the optimal substrate to form well dispersed
nanoparticles, so as to boost the reduction potential while maintaining the hierarchical
nanostructure.

Based on this design principle, herein | report a successful example of forming and
confining phase-pure maghemite nanoparticles (y-Fe,O3) into a hierarchically porous
nitrogen-doped graphene framework (Scheme 5-1). A porous graphene framework
(GF_800) was adopted as the baseline substrate since the hydrothermal self-assembly
of graphene oxide can readily form a hierarchical nanostructure, with a substantial
amount of micro- / meso- pores (i.e. < 6 nm) and large interconnected voids (i.e. > 1 ym).
Such hierarchical porosity is optimized by adjustment of the concentration of a nitrogen
precursor (GF+N2_800), and can be largely preserved after the addition of a small
quantity of an iron precursor (GF+N2+Fel_800). Furthermore, the nitrogen doping is
expected to facilitate the anchoring and fixation of the more active iron compound on the
substrate and thus to improve the stability of the proposed catalysts. The resulting

porous graphene-framework confined maghemite system, GF+N2+Fel_800, surpasses
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the performance of the equivalent commercial PtC, in terms of more positive half-wave

reduction potential, significantly lower peroxide formation ratio, more than triple the

kinetic current density, smaller Tafel slope, and better durability. To the best of my

knowledge, the activity of this hanoconfined maghemite system is among the best of all

the existing Fe-based ORR catalysts. More importantly, the same synthesis approach

was applied to confine Pt nanoparticles and the resulting material, GF+N2+Pt1_800,

shows nearly identical ORR behaviours with the nanoconfined vy-Fe,O;

(GF+N2+Fel 800). This indicates that the proposed design principle should have wide

applicability for optimization of graphene supported NPM catalysts for ORR.
Step 1: Optimize Substrate

a) enhanced mass transfer
& active site exposure

Step 2: Load NPMs Catalysts
a) higher reduction potentials
b) better 4e- pathway selectivity
c) little loss of mass transport

Scheme 5-1. The proposed two-step design principle for one-pot synthesis of highly efficient

NPM ORR catalysts: Step 1 is to optimize in advance the conditions of N-doping and

hydro-thermal synthesis, to achieve a highly porous “support-structure” with an optimum N

content; and, Step 2 uses the optimized conditions to optimize the Fe precursor content, where

the Fe precursor was added to the optimized “support-structure” precursors in Step 1 (but not to

the prior-formed structure!). The overall synthesis of the catalyst system is in “one pot” under the

optimized conditions, followed by high temperature calcinations.
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5.2 Results and Discussion

5.2.1 Formation of Highly Porous N-doped Graphene Framework

As the first-step of the synthesis approach is to produce an optimized porous substrate,
characteristics of the porosities of the synthesized samples were first compared from
the scanning electron microscopy images (SEM), Figures 5-1 to 5-4. An evident
hierarchical structure (pore size ranging from ca. 0.5-1.5 ym) is shown in the SEM
image of GF (Figure 5-1), but such porous characteristics can hardly be seen in GF+N2
(Figure 5-2). After thermal annealing, no apparent difference is observed between the
morphology of GF and GF_800 (Figure 5-3), implying the high temperature treatment
changes little of their macroscopic porosity. However, GF+N2_800 exhibits a more
hollow structure with larger interconnected voids (ca. > 2 um, Figure 5-4) after thermal
annealing. The distinct morphology of GF+N2 and GF+N2_800 suggests that during
hydrothermal reaction, the nitrogen precursors are ‘attached’ to graphene surface and
block most of the pores; such nitrogen species are partially removed from and partially
doped into the graphene framework in the following thermal treatment, during which the

structure of graphene framework is severely etched.
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Figure 5-2. SEM image of GF+N2.
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Figure 5-4. SEM image of GF+N2_800.
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The removal of attached nitrogen species was probed by thermal gravimetric analysis
(TGA), Figure 5-5. It is seen that an extra sharp decrease of mass occurs between 230
and 350 °C for GF+N2, compared with the continuous but slow mass loss for GF as
temperature increases. The nitrogen doping process was demonstrated through the
transformation from the predominantly graphitic N of GF+N2 to the pyridinic N of
GF+N2_800, as shown by X-ray photoelectron spectroscopy (XPS), Figure 5-6. Both
the concentration and the type of doped-N sites influence the electrochemical properties
of the materials. Despite the debate on the exact role of N-doped sites, pyridinic N is
generally regarded as responsible for the catalytic ORR activity, especially for the onset
reduction potential; while graphitic N is believed to be beneficial to the electrical
conductivity. Since those GF+N_800 samples show similar nitrogen content and binding
configurations (Table 5-1), it is reasonable to attribute the major improvement in

performance to their different porous structures.
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Figure 5-5. TGA of GF and GF+N2 under N, gas environment with a ramping rate of 3 °C min™.
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Figure 5-6. Raman spectra of GO, GF_800, GF+N1_800, GF+N2_800, and GF+N5_800.

The porosity of each substrate was further investigated by nitrogen adsorption /
desorption isotherms at 77K, Figures 5-7 and 5-8. It is shown that all the GF+N and
GF+N_800 possess a hierarchically porous nanostructure, featuring an initial adsorption
for micropores (i.e. P/Py < 0.01), a hysteresis loop for mesopores (i.e. P/Py, > 0.4), and
long ‘tail’ for large macropores / voids (i.e. the highest P/Py). It is also seen that the N,
sorption for GF+N is generally lower than that for GF, while GF+N_800 possess higher
sorption than GF_800. The corresponding pore size distribution (PSD, Figures 5-9 and
5-10) calculated by the QSDFT (Quenched Solid Density Functional Theory) model
illustrates that for GF and GF_800, the thermal ‘etching’ (as confirmed in TGA) removes
the residual oxygen functional group on graphene surface and turns those small
micropores (0.8-1 nm) into relatively large ones (1-2 nm) and even meso-pores (3-6 nm).
With regard to the GF+N and GF+N_800, the addition of nitrogen precursors during

hydrothermal reaction blocks most of the micro- / meso-pores as discussed above; the
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following thermal annealing not only re-opens those pores but also generate a large

number of new structural defects.
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Figure 5-7. N, adsorption / desorption isotherms at 77K for GF+N.
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Figure 5-8. N, adsorption / desorption isotherms at 77K for GF+N_800 materials.
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Figure 5-9. PSD of GF+N derived from N, isotherms at 77 K, calculated by the QSDFT model.
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Figure 5-10. PSD of GF+N_800 derived from N, isotherms at 77 K, calculated by the QSDFT

model.

The GF+N_800 generally show a higher Brunauer—Emmett—Teller specific surface area

(BET SSA) and/or total pore volume (PV) than GF_800 (Table 5-1). It is noted that the
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concentration of the nitrogen precursor is crucial to optimize the hierarchical porosity:
when too low, it cannot block all the attachable sites during hydrothermal reaction; but
when too high, it hampers the subsequent thermal etching (Figures 5-9 and 5-10).
Therefore GF+N2_800, with an intermediate concentration of the nitrogen precursor,
possesses the highest BET SSA of 741.2 m? g™ and PV of 3.62 cc g™. The surprisingly
large total PV (almost double the value of the rest of the GF+N_800) is believed to be

favourable for rapid mass transfer during ORR.

" : BET Elemental (at %) Cls (at %) Nls (at%)
' SSA@migl) | PVeg) | C | N | O c=C CC | C-O/C-N | Pyridinic | Graphitic | Oxidised

GF+N0 437 1.82 853 148 | 714 17.4 112

GF+N1 244 120 752 | 123 | 125 | 595 192 214 16.8 832

GF+\2 229 122 717|150 | 133 | 569 210 2.1 23.1 76.9

GF+N5 258 145 670 | 196 | 134 | 636 199 264 332 668
GF+N0 800 || se8 Y 213 944 5.7 80.2 15.8 40
GF+N1_800 729 200 f905| 44| s51) 780 18.4 36 | 469 441 50 |
GF+N2_800 741 884 | 55 | 61 75.7 18.8 56 433 49.1 76
GFeNssoo \ 627 ) 244 |oo4| 44| s52) 60 89 | 439 476 85 |

Table 5-1. Summary of BET SSA, total pore volumes, elemental ratios, XPS Cls / N1s binding

configurations for GF+N and GF+N_800.

5.2.2 Nano-confinement of Maghemite Catalysts

The second step of the proposed design principle is to load an appropriate amount of
NPM catalysts in the optimized substrate. The influence of NPM concentration on the
overall porosity was studied through N, sorption isotherms, Figure 5-11, and it is shown
that the N, sorption for GF+N2+Fe_800 decreases as the Fe ratio increases. The large
reduction in the micro- / meso-porosity of GF+N2+Fe_800 (Figure 5-12) confirms most
of the Fe compounds have been successfully confined into the porous GF+N2_800.
What's more, adding the same amount of Fe compound into the GF+N1_800 ends up
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with considerably smaller SSA and PV of GF+N1+Fel 800 than those of
GF+N2+Fel_800 (Table 5-2), clearly pointing out the importance of a pre-optimized

substrate for the nanostructure of the final GF+N+Fe_800.
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Figure 5-11. N, adsorption / desorption isotherms at 77K for GF+N+Fe_800 materials.
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Figure 5-12. PSD of GF+N+Fe_ 800 derived from N, isotherms at 77 K, calculated by the

QSDFT model.
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Samples BET SSA Total PV
(m* g?) (cc g?)
GF+N2+Fel 800 450 1.43
GF+N2+Fe3 800 357 1.05
GF+N2+FeS 800 217 0.65
GF+N1+Fel 800 352 1.19

Table 5-2. BET SSA and total PV of GF+N+Fe_800.

The chemical composition of the Fe-containing species was first characterized by X-ray

diffraction (XRD), Figure 5-13, and it is shown that the XRD pattern of the

GF+N2+Fe1 800 fits perfectly with the standard y-Fe,O; reference. Note that

maghemite has almost the same crystal structure as magnetite (FesO,), X-ray

photoelectron spectroscopy (XPS) was further adopted to differentiate those two

phases. It is shown in the XPS Fe2p spectrum of the GF+N2+Fel, Figure 5-14, the

peaks centred at 710.8 and 724.3 eV represent Fe(lll) 2ps, and 2p,),, respectively, and

no Fe(ll) or metallic Fe peak is observed (i.e. 709.6 or 706.7 eV for Fe(ll) or Fe(0) 2pay,).

In addition, the satellite Fe 2ps, peak at 718.8 eV is characteristic of Fe,Os, while for

Fe;0, the satellite peak is generally within ca. 715-716 eV. Therefore, it is evident that

y-Fe,0; is the only iron compound in the GF+N+Fe_800, from both XRD and XPS

observations. Moreover, the peak position of pyridinic N in GF+N2+Fe_800 is ca. 0.2 —

0.3 eV more positive than that for GF+N2_800, Figure 5-15, which indicates the

interaction between y-Fe,O3; and nitrogen doped graphene framework.
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Figure 5-13. XRD pattern of GF+N2+Fe1_800, in comparison with the standard y-Fe,O;

reference.
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Figure 5-14. XPS Fe2p spectrum of GF+N2+Fel 800.
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Figure 5-15. XPS N1s spectra of GF+N2+Fe_800.

The morphology of the y-Fe,Os; nanoparticles were studied transmission electron
microscopy (TEM), Figures 5-16 and 5-17. It is seen in the TEM image of
GF+N2+Fel_ 800 (Figure 5-16) that the y-Fe,O3; nano-spheres with an average particle
size of 2.6£0.5 nm are uniformly dispersed over the nitrogen-doped graphene. The
nano-particles in the high-resolution TEM image (Figure 5-17) display a d-spacing of ~
2.5 A, in well agreement with that of the (311) planes of the y-Fe,O; phase

(corresponding to the XRD peak position at 26 = 35.4°, Figure 5-13).
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Figure 5-17. HRTEM image of GF+N2+Fel 800.
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5.2.3 Comparison of Catalytic Activities.

The catalytic ORR activities were studied through the linear sweep voltammetry (LSV)

at 1600 RPM using the rotating disk electrode technique (RDE), Figures 5-18 to 5-20.
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Figure 5-18. RDE LSV plots of GF+N_800 under 1600 RPM to demonstrate the effect of

nitrogen precursor concentration for substrates.

The performance of different substrates was first compared, Figure 5-18, and it is seen
that the onset reduction potentials of GF+N_800 are 70 — 100 mV higher than that of
GF_800. In addition, the limiting current densities of GF+N1_800, GF+N2_800 and
GF+N5_800 reach 5.24, 5.40, and 4.91 mA cm? respectively, indicating a 4e" transfer
pathway; while GF_800 possess a value of 3.18 mA cm™, which is closer to the 2e’
pathway. The improved reduction potentials and 4e” pathway selectivity of GF+N_800
demonstrate their better oxygen and peroxide adsorption capability derived from the
nitrogen doping.”** Note that GF+N2_800 shows similar onset but superior half-wave

reduction potential, compared with GF+N1_800, which should be attributed to the rapid
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mass transfer as a result of the ultra-large pore volume of GF+N2_800. The slightly
smaller onset potential and limiting current density of GF+N5_800 than those of the

other two GF+N_800 is due to its lower conductivity (lower sp2 carbon ratio, Table 5-1).
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Figure 5-19. RDE LSV plots of GF+N2+Fe_800 under 1600 RPM to demonstrate the effect of

iron precursor concentration on the optimised substrate.

The effect of y-Fe,O3 loading ratio was then investigated by the confinement of three
different concentrations of y-Fe,O3; on the best substrate, GF+N2_800, Figure 5-19.
The GF+N2+Fel_ 800 shows a similar onset but much improved half-wave reduction
potential, compared with the GF+N2+Fe3 800. This can be explained by the better
mass transfer of GF+N2+Fe1_800, since the higher loading of y-Fe,O; affects more the
overall porosity. A further increase of y-Fe,O; loading even reduces the onset potential
(i.e. GF+N2+Fe5_800), suggesting that no more y-Fe,O; can be confined in the porous
structure of GF+N2_800 and those extra one are merely attached on the surface. The

almost identical gap between the onset and half-wave potential of GF+N2+Fel_800
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and GF+N2_800 demonstrates that nanoconfinement of controllable amount of NPMs
into a hierarchical substrate causes affordable reduction of its porosity, leading to
considerable improvement in reduction potential but negligible loss of its mass transfer

capability.
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Figure 5-20. RDE LSV plots of GF+N+Fe_800 under 1600 RPM, in comparison with commercial

PtC, to demonstrate the effect of substrates / NPMs.

To further demonstrate the significance of a pre-optimized hierarchically porous
substrate, the optimal amount of y-Fe,O3; was loaded into different substrates, Figure
5-20. It can be seen that the distinction between the ORR activities of GF+N2+Fel 800
and GF+N1+Fel_ 800 follows the same pattern between GF+N2_800 and GF+N1_800,
revealing the enhancement in activity should be mainly because of the better substrate.
Moreover, the similar performances between GF+N1+Fe1_800_W (y-Fe,Os is removed
by acid washing) and GF+N1_800 prove that y-Fe,O3; must be responsible for the better

onset potential. As a result, the GF+N2+Fel_800 obtained shows a higher reduction
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potential than the commercial PtC (i.e. +27 mV at 3 mA cm™).

All the GF+N_800, GF+N+Fe_800 and PtC unsurprisingly possess an electron transfer
number (ETN) of 4 at 0.65V vs. RHE, calculated from the Koutecky-Levich (K-L) plot
(Figure 5-21). However their kinetics current densities J¢ at the same potential (also
derived from the K-L plots) and the half-wave potential (V vs. RHE at 3 mA cm™) are
quite distinct (Figure 5-22), which is due to a combined effect of different porous
substrates and y-Fe,O/Pt catalysts. Note that at 0.65V vs. RHE, not only the Jx of
GF+N2+Fel_800 (454.55 mA cm™) is five times higher than that of PtC (71 mA cm™),
GF+N2+Fe3_800 (94.34 mA cm?) and GF+N1+Fel 800 (99.90 mA cm®) can also
surpass PtC at this potential, clearly pointing out the influence of rapid mass transfer

achieved by a hierarchical substrate.
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Figure 5-21. Comparison of K-L plots at 0.65 V vs. RHE.
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Figure 5-22. Comparison of kinetic current densities Jx at 0.65 V vs. RHE and reduction

potentials at 3 mA cm™.

The Rotating Ring Disk Electrode (RRDE) technique was applied to investigate the
reaction pathway of GF+N2+Fel 800, Figure 5-23. As shown in the plot of peroxide
formation ratio (Figure 5-24), a peak value of 4.57% is observed at 0.8 V vs. RHE,
which is due to the oxide substructure of Pt surface and is characteristic of the
out-sphere reaction for Pt in an alkaline electrolyte.?® ?° GF+N2+Fel_800, however,
forms much reduced amount of intermediate during ORR (i.e. 0.31% at 0.8 VV vs. RHE),
indicating that the embedded y-Fe,O; nanoparticles can effectively enhance the HO,
binding and thus feature an improved selectivity towards the associative 4e” transfer
pathway over the potential range of operation. The broad peak of peroxide formation of
GF+N2_800 and GF+N2+Fel_800, when potential is lower than 0.7 V vs. RHE, can be

assigned to the reduction of specifically absorbed oxygen on substrate.
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Figure 5-23. RRDE measurement of GF+N2_800, GF+N2+Fel 800, GF+N2+Pt1_800 and PtC.
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Figure 5-24. Peroxide formation ratios of GF+N2_800, GF+N2+Fel 800 and PtC.

Based on the ETN values derived from RRDE measurement, the corresponding
diffusion corrected kinetic current density (Jx) was calculated and presented in the Tafel

plots (Figure 5-25). It is shown that the GF+N2+Fel 800 possesses a similar onset
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potential (i.e. Jx reaches 0.5 mA cm™) as PtC, but a much smaller Tafel slope (66.3 vs.

83.5 mV dec™ for GF+N2+Fel 800 and PtC), which results in a three times higher Jx

than PtC at 0.8 V vs. RHE (34.3 vs. 10.96 mA cm™).
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Figure 5-25. Tafel plots of GF+N2_800, GF+N2+Fel 800 and PtC.
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Figure 5-26. Tafel plots of GF+N2+Pt1_800 and GF+N2+Fel_ 800, derived from Figure 5-23.
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It is also noted in Figure 5-26 that the Tafel plots of GF+N2+Fel_800 and
GF+N2+Ptl 800 (same synthesis route expect using a Pt precursor) are almost parallel,
derived from the RRDE measurement in Figure 5-23, with a potential shift of less than
10 mV. Such an observation confirms that the superior ORR kinetics of GF+N2+Fe_800
is achieved by the combined effect of both y-Fe,O; with comparable oxygen adsorption
capability to Pt and the hierarchically porous GF+N2_800 substrate with rapid mass
transfer (Tafel slope of GF+N2_800 is only 47.9 mV dec™).

To further elucidate the ORR activity of GF+N2+Fel 800, electrical impedance
spectroscopy (EIS) was employed. The equivalent circuit of RDE (insert in Figure 5-27)
consists of an uncompensated impedance (ly) including (a) the resistance of the
electrolyte Rg, and (b) the interface of RDE thin film (R+g) partly reflecting the electrical
conductivity of the catalysts; and also reaction related components (Ig) such as (c) the
kinetics controlled process Rk and (d) the diffusion controlled process Ry of the catalytic
oxygen reduction process. EIS is measured at the half-wave potential of each catalyst,
since at this point, current density increases fastest and the overall impedance reaches
its smallest value under a RDE system. Since the uncompensated impedance |y is
almost the same for each catalyst and thus is subtracted from the Nyquist plot (Figure
5-27). It is clearly seen that both kinetics (the first semi-circle) and diffusion (the second
semi-circle) affect the ORR process at this potential (the mixed kinetic-diffusion region).
As expected, GF+N2+Fel_800 and GF+N2_800 possess similar overall impedance of
250 Q, while PtC shows a much larger value of 360 Q. It is also shown that
GF+N2+Fel_800 shows a Rk of ca. 120 Q, slightly higher than that of GF+N2_800 (95

Q), but smaller than the value of PtC (160 Q). The order of R is in well agreement with
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the trend in Tafel slope (GF+N2_800 < GF+N2+Fe_800 < PtC), further confirming that
the confinement of a suitable amount of NPMs on a highly hierarchical substrate can

large preserve its rapid mass transport.
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Figure 5-27. EIS Nyquist plots of GF+N2_800, GF+N2+Fel 800 and PtC.
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Figure 5-28. The electrode performance of GF+N2_800, GF+N2+Fel 800 and PtC in 0.1M and

6M KOH. Catalyst loading is 0.7 mg cm?,
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The consistency of the superior ORR activity for GF+N2+Fel 800 was verified by
analysing its corresponding electrode performance through the polarization curves (V~i)
in 0.1M and 6M KOH (Figure 5-28). It can be seen that the ORR catalytic activities
follow the exactly the same trend, in spite of the fact that the internal impedance is
significantly reduced after loading the catalysts on hydrophobic carbon paper and the
resistance of the electrolyte decreases as the concentration of alkaline electrolyte
increases (12 and 2.5 Q for 0.1 and 6M KOH respectively).

The stability of GF+N2+Fel 800 was evaluated using a chrono-amperometry method.
The current response is measured under 1600 RPM and at the potential when the
current density of GF+N2+Fel 800 or PtC reaches 3 mA cm?. After 20 hours, the
relative current of PtC drops ca. 25.2% while a small loss of 3.8% is observed for
GF+N2+Fel 800 (Figure 5-29). In addition, the durability of GF+N2+Fel 800 was
further assessed by cycling the catalysts between 0.2 and 1.2 V vs. RHE for 5000
cycles.*?° The LSV of GF+N2+Fel_800 after the test shows a negligible shift of -3 mV
for its half-wave potential at 1600 RPM (Figure 5-30). The excellent stability and
durability of GF+N2+Fel 800 should be ascribed to the successful confinement of
y-Fe,0O; into nitrogen doped graphene framework and the strong interaction between

those two.*®
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Figure 5-29. Chrono-amperometry of GF+N2+Fel 800 and PtC in O,-saturated 0.1M KOH,

under 1600 RPM, at an initial ORR current of 3 mA cm?.
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Figure 5-30. LSV of GF+N2+Fel_800 before and after 5000 scans at 1600 RPM between 1.0 -

0.4 V vs. RHE, with a scan rate of 100 mV st
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Finally, the activity of GF+N2+Fel 800 is compared with other recently developed Fe
based ORR catalysts in alkaline electrolyte.*®® The potentials of each catalyst at 0.5 and
3 mA cm (measured at 1600 RPM in RDE / RRDE) are plotted as the X- and Y- axis in
Figure 5-31, and thus the gap between those two potentials of each catalyst (i.e. the
intercept of red angled lines) can largely reflect its Tafel slope. It can be seen that,

228

among more than 50 catalysts, only one of them==® shows a larger Tafel slope and two

229,230 nossess a higher potential at 3 mA cm™ than those of GF+N2+Fel_800.

others
This result clearly demonstrates that the ORR performance of GF+N2+Fel 800 is

among the best of existing Fe based ORR catalyst, despite the type of Fe-based active

site has NOT been fully optimized yet.
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Figure 5-31. Comparison of the ORR potentials at the current densities of 0.5 and 3 mA cm™ for
GF+N2+Fel 800, PtC, and other recently reported Fe-based catalysts, measured by RDE under
1600 RPM.** Two slanting dash-lines reflect the Tafel slopes of GF+N2+Fel_800 or the lowest

theoretical limit value of 30 mV dec™.
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5.3 Summary

A two-step design approach is suggested and implemented to achieve a highly efficient
graphene supported NPM catalysts for ORR, nanoconfined maghemite in a hierarchical
nitrogen-doped graphene framework, which outperforms the commercial PtC in an
alkaline electrolyte. The scheme ensures that the hierarchical porosity of the substrate
is generated and optimized first, to enhance the pore volume for rapid mass transfer;
and then an appropriate amount of active NPM catalysts is introduced to the optimized
substrate to enhance oxygen adsorption and inhibit intermediate peroxide formation,
with little compromise of the overall mass transfer capability.

Due to a combined effect of the highly porous substrate and the active y-Fe,O; sites, the
GF+N2+Fel_800 displays superior performance to the commercial PtC, including a
higher half-wave reduction potential, better 4e” pathway selectivity, smaller Tafel slope,
faster kinetic current density and longer lifetime. The superior activities of the
GF+N2+Fel_ 800 (also comparable with the Pt counterpart, GF+N2+Pt1_800) suggest
the wide applicability of the above design principle and the great potential of developing

cost-effective and durable y-Fe,O; based catalysts.
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Chapter 6. Phosphorus / Nitrogen Co-doped

Graphene Framework

6.1 Introduction

Excellent bifunctional catalytic activity requires ORR and OER overpotentials to be
reduced simultaneously, which is very challenging to achieve since the optimal
substrate-intermediate binding energies for the ‘minimal’ ORR / OER overpotentials are
usually different on any given individual catalytic sites, due to the scaling relations
among adsorption energies of the key reaction intermediates. Hence, one feasible
strategy is to design catalysts containing two different types of active sites with the
respective desirable substrate-intermediate binding energies for ORR / OER.
Heteroatom-doped graphene can offer huge flexibility in accurate engineering of
targeted catalytic sites, thus allowing them to be likely candidates for this purpose.

Phosphorus and nitrogen co-doped carbons have been recently reported to exhibit
bifunctional ORR and OER activities, but the corresponding active sites are unclear.
Note that the N-doping has been determined to promote the electron donation from the
catalyst to the O, molecule, facilitating ORR, while the role of P-doping remains little
understood. To address this issue, a large number of P-doping or P,N co-doping
structures have been computationally screened by my colleague, Guo-Liang Chai, to
theoretically identify the most promising ones for ORR or OER, Figure 6-1. Typically,

the simulation process includes an initial short-listing of stable structures, calculation of
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electronic property for possible active sites, and finally estimation of O, adsorption /

desorption kinetic barriers and thermodynamic limiting potentials.

Figure 6-1. The structures of (a) G-P-1; (b) SW-P-1, SW-P-2, and SW-P-3; (c) A-P-1; (d) A-P-2;

(e) A-P-3; (f) Z-P-1; (g) Z-P-2; (h) Z-P-3; (i) Z-P-4; (j) G-PN-1, G-PN-2, and G-PN-3; (k) SW-PN-1,

SW-PN-2, SW-PN-3, SW-PN-4, and SW-PN-5; (I) A-PN-1, A-PN-2, A-PN-3, and A-PN-4; (m)

A-PN-5 and A-PN-6; (n) Z-PN-1, Z-PN-2, Z-PN-3, and Z-PN-4; (0) Z-PN-5 and Z-PN-6. The

white, grey, blue, red, and brown spheres denotes for H, C, N, O, and P atoms. The “A”, and “Z”,

stand for Armchair and Zigzag edges, respectively. The “G” and “SW” denote for perfect and

Stone-Wales defected graphene, respectively.
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Modelling results show that an oxidised P,N co-doped local structure (Z-PN-5-OX2,
Figure 6-2a) is particularly favourable for OER, while the formerly reported
Stone-Wales N-containing structure (Figure 6-2b) still possesses a better ORR activity
than any P-doping or P,N co-doping structures screened. The calculated OER and ORR
limiting potentials of the above two structures are 1.68 and 0.8 V, Figure 6-3, which are
roughly comparable to the experimentally measured OER / ORR potentials at the

current densities of 10 or 3 mA cm™ by rotating disk electrode under 1600 RPM.

(a) (b)
Figure 6-2. The structures of (a) Z-PN-5-OX2 and (b) Stone-Wales N-doping. The “Z”
refers to zigzag edges, and the “OX2” indicates an oxidised structure. The white, grey,

blue, red, and brown spheres denote for H, C, N, O, and P atoms.
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Figure 6-3. ORR / OER limiting potentials for Z-NP-5-OX2 and Stone-Wales defect structures.
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Here in this chapter, | first experimentally formulated the P-N bond, together with the
graphitic and pyridinic N (the major components of Stone-Wales N-doping structures),
into PN co-doped graphene frameworks (PNGF), so as to validate the computational
predictions. After the proof-of-concept, | further intensified the concentration of P,N- and
N-containing OER / ORR catalytic sites to promote the bifunctional activity of PNGF.
The P,N co-doped graphene frameworks were prepared via a one-pot hydrothermal
reaction using graphene oxide as the carbon source, and diammonium phosphate (DAP)
or ammonium dihydrogen phosphate (ADP) as the phosphorus and nitrogen precursor,
followed by freeze-drying and with / without high-temperature calcinations, as detailed
in Section 3.1.3. The samples achieved were named as PNGF, with the suffix of °_DAP’

or ‘_ADP’ and w/o the suffix of *_800’, according to the specific synthesis conditions.

6.2 Results and Discussion

The X-ray photoelectron spectroscopy (XPS) P2p spectrum of the synthesized P,N
co-doped sample PNGF_DAP, Figure 6-4, demonstrates the existence of the P-N bond
(ca. 133.7 eV) apart from the P-O (ca. 134.2 eV) and P-C (ca. 133.2 eV) bonds; the P-N
bond however has been completely removed in the PNGF_DAP_800 sample after the
high temperature calcination. In addition, the peak values of the XPS P2p spectra are ca.
133.7 and 133.4 eV for the PNGF_DAP and the PNGF_DAP_800, respectively, in good

agreement with the simulated Z-PN-5-OX2 structure of 133.45 eV.
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Figure 6-4. XPS P2p spectra for PNGF_DAP and PNGF_DAP_800.

At the same time, the XPS N1s spectra, Figure 6-5 indicate that the amount of pyridinic
nitrogen (6-N, ca. 398.2 eV) in the PNGF_DAP can be largely preserved after the
thermal treatment at 800 °C, but the amount of graphitic nitrogen (g-N, ca. 401.2 eV)
and amine (-NH,, ca. 399.6 eV) groups has been significantly reduced in the
PNGF_DAP_800. It is worth noting that the amount of graphitic nitrogen loss in
PNGF_DAP_800 calculated from its XPS N1s spectrum is almost identical with the level
of P-N bonds in PNGF_DAP (which will be totally eliminated in PNGF_DAP_800). Such
an observation further supports the existence of P-N bonds in PNGF_DAP, since the
Z-PN-5-OX2 structure is supposed to be thermally instable at high temperature of

800°C as well.
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Figure 6-5. XPS N1s spectra for PNGF_DAP and PNGF_DAP_800.

As seen in Figure 6-6 the PNGF_DAP shows a superior OER activity to its
high-temperature calcined counterpart, and its ORR and OER potential gap at any given
current is also significantly smaller than that of PNGF_DAP_800 (i.e. > 200 mV
difference at 2 mA cm), although the latter shows slightly better reduction potential and
current in ORR. It is worth noting that the electron transfer number (ETN or "n”) during
ORR at 0.6 V vs. RHE increases from 3.03 for the PNGF_DAP to 3.75 for the
PNGF_DAP_800, Figure 6-7, indicating an enhanced selectivity towards the ORR
associative 4e’ transfer pathway after thermal treatment. ETN is calculated from the
respective LSV plots using the K-L equation, Figures 6-8 to 6-10. The enhanced ETN
of PNGF_DAP_800 could be attributed to the fact that the -NH, group is more
favourable for a 2e” pathway, which can be easily formed when using DAP as

precursors; and thus the removal of -NH, group in the PNGF_DAP_800 after high
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temperature calcination should lead to a better selectivity in the 4e” pathway. Through
the above analysis, it is reasonable to state that the existence of P-N bond in PNGF is
favourable for OER but not ORR, which is in good agreement with the calculated
performance of the PN structure. The ORR activity of P,N co-doped metal-free catalysts
should still be dominated by the nitrogen doping (i.e. graphitic and pyridinic N). In this
case, it is imperative to deliberately tune the phosphorous and nitrogen binding

configurations of PNGF so as to achieve the optimized bifunctionality.
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Figure 6-6. Bifunctional ORR / OER activities of PNGA_DAP and PNGF_DAP_800.
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Figure 6-7. Electron transfer number and kinetic current density for ORR at 0.6 V vs. RHE.
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Figure 6-8. ORR LSV for PNGF_DAP in 0.1M O,-satured KOH.
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Figure 6-9. ORR LSV for PNGF_DAP_800 in 0.1M O,-satured KOH.
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Figure 6-10. Koutecky-Levich plots of PNGF_DAP and PNGF_DAP(op) at 0.6 V vs. RHE.

Based on the above findings on the correlation between P/N binding configurations and

ORR / OER activities, the key principle of optimizing the bifunctionality is to increase the
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amounts of P-N bonds and graphitic / pyridinic N, respectively, while reduce the amount
of —NH,. To further validate this notion, the previous P/N precursor, DAP, was replaced
by ADP; the latter possesses a more balanced P/N ratio of 1:1 and may promote the
formation of P-N bonds and prevent the formation of -NH,. In addition, the concentration
of ADP precursor was further optimized as well and the obtained sample was named as
PNGF_ADP(op). It has been confirmed by XPS (Figures 6-11 and 6-12) that the
relative ratio of P-N bonds can rise to more than 50% in the optimal sample,
PNGF_ADP(op), more than three times of that of PNGF_DAP, while the relative ratio of

—NH., in PNGF_ADP(op) was effectively reduced by 50%, compared with PNGF_DAP.

E=P-N ™ P-C 7777 P-0
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S 75|
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©
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PNGF_ADP(op) PNGF_ADP PNGF_DAP

Figure 6-11. Relative ratio of P-N, P-C and P-O bonds in PNGF_DAP, PNGF_ADP and

PNGF_ADP(op), derived from XPS P2p binding configurations in Figure 6-18.
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Figure 6-12. Relative ratio of g-N, 6-N and —NH, bonds in PNGF_DAP, PNGF_ADP and

PNGF_ADP(op), derived from XPS N1s binding configurations in Figure 6-13.
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Figure 6-13. XPS P2p and N1s spectra for PNGF_ADP and PNGF_ADP(op).
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As a result, it is demonstrated in Figure 6-14 that the potential gap between 3 and 10
mA cm? for ORR / OER, respectively, was reduced from 1,252 mV for PNGF_DAP, to
1,037 mV for PNGF_ADP, and further to 795 mV for PNGF_ADP(op). It is worth noting
that the OER current density of the PNGF-based catalysts varies exponentially with the
level of P-N bonds (alternatively, the logarithm of OER current and the amount of P-N
bond are in a positive linear relationship, as shown in Figure 6-15). The OER Tafel
slope can be greatly reduced from 344 to 143 mV dec™ (Figure 6-16) as the PN

concentration increases from ca. 0.43 to 1.00 at%.
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—e— PNGF_DAP PNGF_ADP

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Potential (V vs. RHE)
Figure 6-14. ORR / OER bifunctional activities of PNGF_DAP, PNGF_ADP and PNGF_ADP(op),

measured by RDE at 1600 RPM, in 0.1M O,-satured KOH.
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Figure 6-15. Correlation between the OER current densities at the potentials of 1.6 — 1.7 V vs.

RHE and the PN bond concentrations.
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Figure 6-16. OER Tafel plots of PNGF_DAP, PNGF_ADP and PNGF_ADP(op), derived from the

OER LSV in Figure 6-14.
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The excellent catalytic activity of PNGF_ADP(op) is even comparable to the commercial
Pt/C for ORR and Ir/C for OER, respectively. As shown in Figure 6-17, the ORR / OER
potentials at the current densities of 3 and 10 mA cm? are almost identical for
PNGF_ADP(op) and the noble metal counterparts. Moreover, both the durability
(performance loss during potential cycling, Figure 6-17) and stability (performance loss
during chronoamperometry measurement, Figures 6-18 and 6-19) of PNGF_ADP(op)

are considerably superior to the noble metal counterparts.

12

10

—— PNGF_ADP(op)

8 ----- PNGF_ADP(op) after 5000 cycles
el T PtiC__. +IrlC__.
A T PtiC__. *+IriC___ after 5000 cycles

Current Density (mA cm'z)

1 s 1 I 1 s 1

0.6 0.8 1.0 1.2 1.4 1.6
Potential (V vs. RHE)

Figure 6-17. Comparison of bifunctional ORR / OER performance for PNGF_ADP(op) and
Pt/C+Ir/C before and after potential cycling between 0.2 and 1.2 V vs. RHE for ORR, or between

1.2 and 2.0 V vs. RHE for OER, using a scan rate of 100 mV s™ for 5,000 times,
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Figure 6-18. Chronoamperometry measurement of PNGF_ADP(op) and Pt/C in O,-saturated

0.1M KOH, under 1600RPM, at an initial ORR current of 3 mA cm?,
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Figure 6-19. Chronoamperometry measurement of PNGF_ADP(op) and Ir/C in O,-saturated

0.1M KOH, under 1600RPM, at an initial OER current of 10 mA cm?.
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For a better comparison with other metal-free bifunctional catalysts, | have increased
the catalysts loading from 0.10 to 0.15 mg cm™ as used in previous reports.®*° In this
case, PNGF_ADP(op) shows an ORR potential of 0.830 V vs. RHE at 3 mA cm™? and
OER potential of 1.567 V vs. RHE at 10 mA cm™, determined by RDE at a rotating

speed of 1600 RPM (Figure 6-20).
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Figure 6-20. ORR (top) / OER (bottom) LSV plots of PNGF_ADP(op) in 0.1M O,-satured KOH
under 1600 RPM, using a catalyst loading of 0.15 mg cm™.
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As shown in Figure 6-21, the resulting ORR / OER potential gap of 737 mV for
PNGF_ADP(op) is among the top of all the previously reported metal-free bifunctional
catalysts, to the best of my knowledge.'® ** #1233 Notably, PNGF_ADP(op) exhibits
rather good OER kinetics especially at a high current. It only needs a reasonably small
over-potential of less than 440 mV to reach 50 mA cm?, which is 130 mV smaller than
the over-potential required by the formerly reported best metal-free catalysts to achieve

the same current density, Figure 21.%°
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Figure 6-21. Comparison of ORR (blue) and OER potential (red) at 3 and 10 mA cm?,
respectively, measured by RDE at 1600 RPM in 0.1M O,-satured KOH, for the previously
reported bifunctional metal-free catalysts. The much smaller OER potential of our PNGF than

that of N,P-GCNS at 50 mA cm™, measured by the same method, indicates a first OER kinetics.
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6.3. Summary

To summarize, | have successfully coupled first-principles simulations and experiments
to identify and confirm clearly the effective ORR / OER active sites for P, N co-doped
metal-free materials, and thereafter rationally synthesised highly efficient bi-functional
catalysts. My results show that the OER performance is strongly correlated with the P-N
bonds, while the ORR activity with N-doped moieties. Such catalytic sites were
effectively introduced into a carefully designed P, N co-doped graphene framework
(PNGF). The optimised bifunctional catalyst shows almost identical activity and much
superior durability compared with the commercial noble metal counterparts, Pt/C for
ORR and Ir/C for OER, respectively. In addition, the highly efficient bifunctional ORR /
OER activity of PNGF is also among the best of all the existing metal-free bifunctional

catalysts.
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Chapter 7. Conclusion and Future Work

In short, three different graphene based electriocatalysts have been rationally designed
and synthesized in this thesis, based on the detailed mechanistic understanding of
oxygen electrocatalysis in alkaline electrolytes, so as to replace the commercial noble
metal counterparts, namely the platinum loaded carbon (Pt/C) for oxygen reduction
reaction (ORR) and the iridium loaded carbon (Ir/C) for oxygen evolution reaction (OER),
respectively. These three graphene based electrocatalysts are

The intercalated graphene / graphitic carbon nitride composite (GS/GCN) as a
metal-free catalyst for oxygen reduction reaction (Chapter 4);

The maghemite embedded nitrogen doped graphene framework (y-Fe,O:@N-GF)

as a non-precious metal catalyst for oxygen reduction reaction (Chapter 5);

The phosphorus and nitrogen co-doped graphene framework (PNGF) as a

metal-free bifunctional catalyst for oxygen reduction and evolution (Chapter 6).

The electrochemical performance evaluations of the developed systems have clearly
demonstrated that, for a same catalyst loading,

1) The GS/GCN composite can exhibit comparable ORR activity but superior methanol
tolerance and long-term durability to the commercial 20wt% Pt/C, and its performance is
among the best of all the GCN based ORR catalysts (Chapter 4);

2) The y-Fe,Os@N-GF can exhibit both superior ORR activity and durability to the

commercial 20wt% Pt/C, and its ORR performance is indeed among the best of all the
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iron-based ORR catalysts evaluated in alkaline electrolytes (Chapter 5);

3) The PNGF can exhibit exceptional bifunctionality with both ORR and OER catalytic
activity and durability superior to the commercial Pt/C and Ir/C, respectively, and is at
the top of all the reported metal-free catalysts, in good accordance with the

computational prediction from my colleague (Chapter 6).

The results in this thesis strongly support the argument that heteroatom doped
graphene based materials, either in the form of catalysts themselves or as the
substrates for other co-catalysts for ORR and OER, can be highly efficient and durable
in alkaline electrolytes at ambient conditions. Hence, development of rechargeable
metal-air batteries or regenerative fuel cells based on such catalysts are urgently
demanded, in order to transfer the knowledge gained from in thesis to industrial

demonstration.

Apart from the promising results shown in this thesis, several other issues need to be

taken into account during the further development of graphene based electrocatalysts
for ORR / OER:

1) The ORR / OER activities of graphene based metal-free catalysts are yet to be

comparable with the state-of-the-art noble metal or non-noble metal catalysts

(e.g. ORR / OER overpotentials at 3 and 10 mA cm™ measured by RDE at 1600

RPM are only 330 and 200 mV, respectively).>**° In particular, the poor OER

kinetics of metal-free catalysts is the major issues. To further address this issue,

I have managed to design heteroatom doped graphene with extraordinarily good
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OER and ORR activity under the guidance of simulation predictions, in one of
my latest work (No. 10 in the List of Publications, not included in thesis). The
bifunctional activity achieved can even surpass the state-of-the-art hon-noble
metal catalysts;

The exceptional durability of metal-free catalysts including heteroatom doped
graphene based materials at ambient conditions has been commonly regarded
as one of the key advantages of such materials.??* This observation, however,
is in contrary to the Pourbaix diagram of carbon, indicating that carbon is not
thermodynamically stable under the operational potential range for ORR / OER,
either in acid or alkaline electrolytes. The reason for this conflict has to be the
kinetic stability of carbon materials against oxidation. On the other hand, the
atomic dopants cause far less lattice distortions and/or stronger coherency than
supported nanoparticles, which is why metal-free catalysts have been commonly
reported to demonstrate superior durability to commercial noble metal (oxide)
loaded carbon. Note that quite a few PEMFC tests suggest that carbon based
materials (i.e. graphite) are seldom stable under real operational conditions (e.g.
80 °C), indicating further evaluation of metal-free materials’ durability at elevated
temperatures is highly necessary.

With regard to the experimental setup for electrochemical measurement, the
Ag/AgCI (saturated KCI) reference electrodes used in this work are better to be
replaced with the Hg/HgO ones (the concentration of NaOH depends on the
specific tests), the platinum sheets counter electrodes are better to be replaced

with the ‘electrocatalytically-inert’ graphite or glassy carbon electrodes, and the
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4)

5)

glass electrochemical cells are better to be replaced with the PTFE ones. By

using such a setup, the potential contaminations such as the dissolved Pt from

counter electrodes and silicate ions from glass cells into alkaline electrolytes can

be largely avoided, and the reference potential can be more constant and

reliable. The current setup should be fine for short-term measurement (e.g. CV

and LSV tests), however the recommend one can be better for the long-term

measurement to eliminate the influence of possible contamination (e.g. Figure

4-22).

The difference between the direct 4e” pathway and the indirect 2+2 pathway has

not been studied in details in this work. One potential way of telling them from is

to conduct the RRDE measurement at a very low catalysts loading (Note that

even though RRDE has been adopted in this thesis, the relatively high catalysts

loading can immediate reduce the peroxide formed during the reaction on the

glass carbon disk electrode, before it is detected by the platinum ring electrode.

Nevertheless, the catalysts that have been studied in this thesis are mainly

metal-free carbon based materials and non-noble metals such as iron

compound, and thus the observed ‘four electron transfer' via rotating (ring) disk

electrode measurement (e.g. Figure 5-23) should be mostly referred to the

associative 4e- pathway, or in other word, an indirect 2+2 pathway.

Since the final product for ORR in alkaline electrolytes is either hydroxide or

peroxide, the difference can be most or less inter-changeable with concept of

electron transfer number. However, as for OER, the observed current density of

metal-free materials (e.g. Figure 6-14) may also be due to the carbon oxidation
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(i.e. formation of carbon dioxide / monoxide). Hence, calculation of the faradic
efficiency is necessary. The most appropriate method should be to quantify the
amount of gas formed during the reaction via (in-situ) Gas Chromatography /
Mass Spectrometry (GC/MS). Alternatively, the simpler way is to calculate the
theoretical current density value associated with the oxygen evolution, and
compare with the experimentally measured values; if the experimental one is

much larger, then carbon oxidation side reactions are very likely be involved.
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